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Abstract 
 
 In this research project, reduction or complete elimination of organic solvents is explored 
in the synthesis of cyclic imides using a technique that brings reagents into favorable position to 
react.  Cocrystal Controlled Solid-State Synthesis (C3S3), takes advantage of supramolecular 
interactions such as hydrogen bonding and π-π stacking to form a cocrystal which can sequential 
be heated to complete the condensation reaction and produce a desirable product.  Twenty-five 
successful condensation reactions result in high and clean yield.     
 C3S3 of cyclic imides with auxiliary hydrogen bonding moieties like carboxylic acid, 
carboxylate or pyridyl groups are amenable to form additional solid-state materials.  These 
moieties are useful in forming coordinate covalent bonds with metal cations.  Using these C3S3 
synthesized molecules as ligands, various Metal-Organic Materials (MOMs) are self-assembled.  
These MOMs offer unique qualities owing to the properties of the cyclic imides.  With the 
addition of accessible carbonyl groups, they may participate as hydrogen bond acceptors or 
hydrophilic groups.  Various degrees of rotation of N-phenyl substituents around the imide plane 
allow for structural flexibility as a route to supramolecular isomers in MOMs.  The ease in imide 
synthesis may allow the fast scale-up of these ligands for industrial application.  Similar ligands 
are generally synthesized by cross-coupling or substitution reactions that require expensive 
catalyst and various organic solvents.  
 Metal-organic materials are a class of compounds amenable to crystal engineering owing 
to the directional coordinate covalent bonds between metal or metal clusters and organic ligands.  
xiv 
 
They are characterized by X-ray diffraction, spectroscopy, volumetric and gravimetric analysis.  
The C3S3 imides were used to construct various MOMs, from discrete nanostructures to extended 
3-periodic frameworks that possess viable internal space for applications pertaining to porous 
materials.  Structural characterization by single crystal X-ray diffraction and structure-function 
relations are addressed.  Gas sorption experiments show that many of these materials are 
structurally robust and retain crystallinity after evacuation.  Ion exchange and guest uptake 
experiments using the synthesized materials demonstrate their potential as agents for 
sequestration.   
 The bottom-up synthesis of metal-organics materials is leading the field of crystal 
engineering with built-in properties, showing promise by combining attributes from both 
inorganic and organic components.   
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Chapter 1 
Introduction 
 
1.1 Preamble 
“…The key to broad and inspired training of both young and experienced ‘crystallographers’ 
would seem to lie not in specialized, concentrated, several-year-long courses in crystallographic 
techniques, but rather in good fundamental training, coupled with associations, within one 
laboratory or institute, with as wide as possible a group of physicist, chemists, biologists, 
mineralogist, metallurgist, mathematicians and instrumentalists, all working with diffraction 
methods as one of their major techniques concerned with the wisest use and development of these 
techniques, but primarily interested in fundamental scientific knowledge.” 
         Ray Pepinsky1 
 
The objectives and training of a young scientist interested in the physical world and the 
forces which bring atoms and molecules together must therefore span the fields of science in a 
mutual manner, if they wish to design and synthesize novel materials with the desired properties 
for particular physical applications.  Materials play a large part in modern human society that 
early recognized through observations that various natural materials incorporate specific 
properties, be it in the beauty of precious gems, to the strength it wields in tools.  The art of 
metallurgy may have been the first use of combining solid materials together in specific 
quantities, which became a secret art form that was passed from master to apprentice, with the 
goal of producing a superior alloy to overcome your adversaries.  Initially, stronger alloys led to 
the development of better tools and weapons that enabled civilization to advance.  Now, 
metallurgy’s present course is advancing with lighter and stronger alloys that also display 
enhanced magnetic and electrical properties.  Similar advancements are being made with 
polymers, ceramics and crystalline material in other branches of the sciences.  It would be 
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impossible, without the advanced understanding of the forces which bring about ordered matter, 
to design unique material with preferred physical and chemical properties. 
1.2 Supramolecular Chemistry and the Noncovalent Bond 
“Supramolecular chemistry is a highly interdisciplinary field of science covering the chemical, 
physical, and biological features of the chemical species of greater complexity than molecules 
themselves, that are held together and organized by means of intermolecular (non-covalent) 
binding interactions.” 
“chemistry beyond the molecule” 
         Jean-Marie Lehn2-3 
1.2.1  History Beyond the Molecule 
Our understanding of the physical world, and the components that constitute it, may best 
be described by Linus Pauling’s “The Nature of the Chemical Bond” that brought light to the way 
in which atoms interact with each other.4  This grand work followed on the shoulder of many 
predecessors working on the theory of valence bonds.5-7  The establishment of intramolecular 
bonding was paralleled by the observations of intermolecular interactions that proved to be 
equally valuable. 
Supramolecular chemistry or ‘chemistry beyond the molecule’ is primarily representative 
by noncovalent intermolecular interactions between two or more individual molecules.2-3,8  
“Corpora non agunt nisi fixate” may be the slogan for supramolecular chemistry when Erhlich9 
recognized that drug molecules are useless if they don’t bind with their targets, a problem still 
challenging pharmaceutical scientists today.  With Fischer’s10 1894 lock and key principle 
(Schlüssel-Schloss-Prinzip), an introduction to the notion of structural complementary recognition 
for substrate-enzyme binding or substrate-receptor or host-guest interactions gained acceptance.11  
Simultaneously the coordination environment around metal cations was proven by Werner.12  An 
understanding of isomers by Werner disproved the early theories of Jørgensen and Bloomstrand 
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for inorganic materials.  These contributions to supramolecular chemistry can be summarized in 
three words from past research: Fixation, Recognition, and Coordination.3 
Modern advancements in science allowed the study of the intermolecular interactions 
between complexes of neighboring molecules in greater detail by Wolf and Wolff which they 
called their “Übermolecüles” or “Supermolecules”.13  An example of the use of secondary forces 
(noncovalent) is the dimeric form of acetic acid in solution and in the solid state.13  These models 
advanced the understanding of intermolecular interaction.  But the pivotal work of ion selection 
in crown ethers, cryptands, cavitands by Pedersen,14 Lehn,15 Cram,11 and others help define the 
current field.3,16  Of the many supramolecular interactions perhaps hydrogen bonding is the most 
important for both materials chemistry and biological life sustaining process.  The understanding 
of hydrogen bonding between the base pairs in DNA gave better insight into the double helix 
structure and the role in which replication takes place.17-18   
1.2.2 Interactions between Atoms and Molecules 
To understand intermolecular interactions between different atoms and molecules, a 
series of experiments have been performed including the theoretical calculations of simple and 
complex systems.  Table 1.1 is a collection of relative dissociation energies for covalent and 
ionic bonds with noncovalent interactions generally exhibiting lower bonding energy that 
possibly allows for supramolecular systems to be reversible or kinetically labile. 
Molecules are composed of atoms joined by covalent bonds giving them their primary 
chemical structures, such as in benzene, which was demonstrated by Kekulé.19  These bonds do 
not necessarily govern the way in which molecules interact with their surroundings, but are 
characteristic of the sharing of electrons between atoms.  Ionic bonds can be briefly described as 
an attraction between two oppositely charged ions as in Na(+)Cl(-), used in cooking and the 
preparation of both sodium metal and chlorine gas.  Characteristic properties of ionic compounds 
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include high melting points and electrical conductivity when dissolved.  Organometallic 
compounds are characteristic of metal-carbon covalent bonds like Zeise’s Salt20 or ferrocene21.   
 
Table 1.1 Relative Dissociation Energy between atoms, ions and molecules.8,22-23 
Interaction Type Energy (kJ/mol) Building Blocks Examples 
Covalent 200-450 Atoms Diamond, Methane 
Ionic 100-350 Ions 
Molecular Ions 
Na+Cl-, complex ions, 
organic ions 
Organometallic 
M-C 
150-400 Metals 
Molecules 
Ferrocene 
Zeise’s Salt 
Ion-Dipole 
Coordinate Covalent bond 
M-Ls 
50-200 Ions and Ligands Coordination 
complexes; bound 
metals in crown ethers 
Hydrogen Bonds 
Charge Assisted H-Bond 
4-60 
60-120 
Molecules 
Molecular Ions 
DNA, 
Pyridium-Carboxylate  
Multipole 
Dipole-Dipole 
Quadruple 
Induced-Dipole 
5-50 Molecules Carbonyl-Carbonyl, 
HCl 
π- π 
CH- π 
<1-50 Molecules Graphite, Benzene, 
van der Waals 
London Dispersion 
<5 Atoms 
Molecules 
Noble Gases,  
Inclusion Compounds 
 
The following interactions listed in Table 1.1 are primarily responsible for intermolecular 
bonds and complexation used in supramolecular self-assembly.  The spontaneous association 
between molecules can lead to the generation of discrete or extended assemblies.3  Ion-Dipole 
interactions display characteristic of ions pairing with polar molecules, while coordinate covalent 
bonds occur between metal ions and organic ligands.  Hydrogen bonding is the attractive 
interaction between electronegative atoms in which a hydrogen atom is positioned between the 
donor and acceptor atoms whose separation is less than their combined van der Waals radii.  
Pauling recognized the importance of hydrogen bonding as a noncovalent interaction.  Since the 
hydrogen atom can only form one covalent bond from its 1s orbital, the attraction is due largely to 
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ionic forces.4  Two types of hydrogen bonding occur, intermolecular (between molecules) and 
intramolecular (within the same molecule) as carboxylic acid dimer or acetylacetone, respectively 
demonstrate.  Hydrogen bonding may increase the melting and boiling points of compounds, such 
as displayed by H2O vs. H2S.  More importantly, hydrogen bonding can be utilized to organize 
complex systems using supramolecular synthons that can direct interacting groups.  
Supramolecular synthons “synthetic operations” are defined as structural units assembled by 
complementary intermolecular interactions.24-25  Emer’s example in controlling direction, by 
using the hydrogen bond, exemplified by adamantine-1,3,5,7-tetracarboxylic acids forming a 
diamondoid topology from the tetrahedral arrangement of the carboxylic acid and similar 
hydrogen bond dimers in acetic acid as seen in Figure 1.1.26 
 
Dipole-Dipole and similar forces (such as dipole-induced dipole, quadrupole-quadrupole, etc.) are 
electrostatic interactions that align molecules to reduce the potential energy.23  An example of a 
dipole-dipole interaction includes gaseous HCl molecules that arrange with the positive hydrogen 
end directed towards the negative chlorine atom of another molecule.  π-π and CH-π interactions 
are noncovalent interactions between compounds containing aromatic moieties.  Either a slipped 
 
Figure 1.1 Adamantene-1,3,5,7-tetracarboxylic acid hydrogen bond into an adamantane cage. 
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stacking pattern or T-like arrangement may lower the potential energy of the system from 
favorable π-orbital interactions.  One interesting interaction between aromatic molecules, the 
sextuplet phenyl embrace (Figure 1.2), has six phenyl rings in a cycle interacting by CH-π 
interactions and can contribute 10 to 14 kJ/mol to each neighbor  rings summing 60-84 kJ/mol of 
total attraction.27  The van der Waals or London Dispersion forces are lowest in energy 
stabilization but contributed to all systems in close contact.   
 
1.3 Crystal Engineering 
“…crystal engineering, which is defined as the understanding of intermolecular 
interactions in the context of crystal packing and in the utilisation [sic] of such 
understanding in the design of new solids with desired physical and chemical 
properties…The almost perfect alignment of molecules in an organic crystal results 
usually in highly predictable physical and chemical properties which in turn justify 
efforts at crystal engineering.” 
         Gautam R. Desiraju28 
 
Figure 1.2 Sextuplet phenyl embrace 
7 
 
1.3.1 History and Scope 
The field of crystal engineering is specifically directed towards solid-state materials 
brought forth by thoughtful consideration of the reactants and conditions leading to the product.  
Control at the atomic or molecular level and the interactions between the mentioned groups will 
make Feyman’s dream29 of complete and comprehensive understanding of the features that 
influence formation of materials, with control of their properties, possible from first principles. 
The term crystal engineering first documented in 1955 by Pepinsky30 described crystal 
packing of complex ions in which the size and charge were used to a greater extent in control of 
the symmetry and dimension of the resulting crystal’s unit cell.  The modern use of the term is in 
line with work by Schmidt, who realized the importance of crystal packing in relation to 
topochemical reactions.31  Investigations into the 2+2 photodimerization reaction of olefins such 
as cinnamic acid help build general guiding principle that would allow such reactions to occur in 
the solid state with minimum atomic or molecular movement. Different preparatory forms of 
cinnamic acid derivatives could lead to the α or β-truxilic acid photoproduct while the γ form is 
light stable due to longer distances between neighboring monomers.32-36   
Since the discovery and use of X-ray (Röntgenstrahlen) in 1895 by Röntgen37 and 
diffraction analysis by Laue,38 Bragg,39-40 and Patterson,41 progression in the field of crystal 
engineering has advanced due in part to atomic scale resolution.  The intermolecular interactions 
responsible for aiding in crystallization could be understood in greater detail by calculating the 
distance and uncovering pattern between molecules.  Systematic investigations into noncovalent 
interactions between small organic molecules by Wuest,42-44 Desiraju,25,28,45-48 Etter,49-52 and 
others, have helped extend the field of organic crystal engineering to its current state.53-55   
1.3.2 Crystallographic Databases 
 Technologic advancements in X-ray diffractometers, detectors, and faster computer 
processers along with better software, added a plethora of crystallographic data that was 
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becoming essential for material scientists to measure and compare atomic resolution data.  The 
sharing and archiving of this data was established by several organizations.  The Inorganic 
Crystal Structural Database (ICSD) contains over 130,000 inorganic crystal data sets, the Protein 
Database (PDB) contains over 70,000 three dimensional structure of proteins including 
polypeptides and polysaccharides composed of at least 24 residue units, the Nucleic Acid 
Database (NDB) contains structural information on 5000 nucleic acids, and the International 
Centre for Diffraction Data (ICDD) contains over 300,000 data sets on powder diffraction data.  
The Cambridge Structural Database (CSD) contains over 500,000 crystal structures.56  All are 
constantly growing databases with availability online, allowing for easy access for global 
research.   
 The CSD primarily contains small organic molecules, coordination compounds and 
organometallic compounds solved by single crystal X-ray, X-ray powder or neutron diffraction.  
The stored information is in the crystallography information file (cif) format, containing 
information such as space group, experimental X-ray conditions (source, temperature, and 
resolution), atomic coordinates, and R-factor.  Using atomic coordinates, measurements can be 
evaluated and compared with other structures contained within the database.  User friendly 
software allows the search over half a million structures by drawing the connectivity of the 
desired species.  Additional tools allow for quick analysis such as bond distance and angles which 
become important when trying to establish rules governing supramolecular interactions.   These 
rules will not predict the formation of crystals but give guidelines to the links between 
supramolecular interactions and crystal engineering.  Crystal structure prediction is still in its 
infancy with only small molecules being accurately predicted by blind testing set up by the 
CSD.57-58  More complex systems, containing greater than two or more asymmetric units or 
flexible groups on the molecules in the unit cell, are additionally challenging with less success. 
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1.3.3 Cocrystal History 
 The origins for studying supramolecular interactions forming new composite from two or 
more molecules in the solid state can be traced back to 1844 by Wöhler.59  A first of its kind 
example of co-crystallization between benzoquinone and hydroquinone by means of ball milling 
was used to produce a new form of the combined materials called quinhydrone.  A detailed 
crystal structure of Wöhler’s quinhydrone was inadequately solved in 1932 by Foz and more 
accurately described in 1958 by Matsuda (Figure 1.3).60-61   
 
Cocrystals are defined as stoichiometric multiple component crystal formed between 
compounds that are solid under ambient conditions: at least one component is molecular and 
forms a supramolecular synthon with the remaining components.62-63  In 1959 and 1963 
Hoogsteen dissolved 1-methylthymine and 9-methyladenine in a 1:1 molar stoichiometry in 
water. This resulted in single crystals of the hydrogen bonded complex depicted in Figure 1.4.64-
65
  In 1964, the term “co-crystallization” was used for the first time by McConnell et. al. in the 
literature to describe hydrogen bond between tautomers of isocytosine,66 (Refcode: ICYTIN)67 
(Figure 1.4).  Both of these cocrystals were described as being similar to Watson and Crick DNA 
model of hydrogen bonding between base pairs.17-18  The previous definition of cocrystal will be 
used for this dissertation but the exact definition for cocrystal has been controversial and is used 
differently by other scientists.  The use of a hyphen is still debated.  Regardless of the name, the 
objective is to prepare new crystal forms from multiple components interacting cooperatively by 
various supramolecular synthons. 
 
Figure 1.3 Crystal structure of Quinhydrone. 
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Cocrystals that form by the various supramolecular interactions between molecules can be 
graphically represented by different color shapes in two-dimensions as shown in Figure 1.5.  
Binary systems are commonly encountered for cocrystals but higher systems of ternary68-70 or 
quaternary71 may occur. 
 
 Noncovalent interactions described in Section 1.2.2 are the primary forces that hold 
cocrystals together.  Investigation into various supramolecular interactions by Desiraju25,28,46-47 
and Etter49-52 began to lay the foundations and guidelines for hydrogen bonds.  Intermolecular 
hydrogen bonding was the dominant factor in Etter’s general rules to determine which functional 
Figure 1.5 Graphical representation of a binary, ternary, and quaternary cocrystal 
 
Figure 1.4 1-methylthymine and 9-methyladenine, unit cell of cytosine and isocytosine 
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groups were more likely to predominantly interact while leaving the remaining constructive 
groups to follow.  Assemblies from homosynthons and heterosynthons, by like and different 
molecules, were investigated to determine the hierarchy of cocrystal formation.  Supramolecular 
synthons with functional groups like carboxylic acids, amides, aromatic amines, alcohols, and 
many others were tried.  Among these groups, the supramolecular heterosynthon hydrogen bond 
between carboxylic acids and aromatic amines tend to form 65% of the time in the presence of a 
competing synthon and 95% with no competing interactions.54 
1.3.4 Method of Cocrystal Formation 
 There have been a variety of routes to form cocrystals, including dry grinding, also called 
neat grinding,72-73 solvent-drop grinding or liquid-assisted grinding,74-75 mixing,76 milling with or 
without liquids, and slurring.77-78  Growth of large single crystals for X-ray diffraction can also 
form by slow evaporation, vapor diffusion, and solvent diffusion by layering.63  Each technique is 
beneficial for preparing and controlling cocrystals with respect to specific polymorphs.79-80  
Grinding reactants offer a cleaner or “greener” and a faster approach to cocrystals, with high 
yields and little to no clean-up as compared to solvent requiring methods.   
 Before mixing the reactants together to form a cocrystal experiment, a search of the CSD 
for the possible interactions can reduce duplication and indicate which reactants have a good 
chance of success.  Statistical analysis of forming cocrystals using the CSD has been called the 
“supramolecular synthon approach” for which functional groups such as carboxylic acids and 
aromatic nitrogen molecules are easily evaluated.53  Even with half-a-million structures, the CSD 
still lacks information on many supramolecular synthons.  This lack of information has inclined 
some researchers to pursue uncommon supramolecular synthons.54,81   
1.3.5 Cocrystal Applications 
Erhlich reported on the importance for drug molecules to make contact with their target 
to be effective in producing a cure.82  Medications are hampered in reaching their specific target 
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by several factors. One factor is solubility. To compensate, the dose of medication is much larger 
than theoretically needed. This can result in undesirable side effects. Another factor is 
bioavailability.  Metabolism and enzymatic destruction of the active medication are also over 
come with higher or more frequent dosing.  Again serious side effects are produced.   The active 
pharmaceutical ingredients (API) are the target of cocrystal research to change their physical 
properties to eliminate these negative factors and maintain their therapeutic capability.62,83-87 
Crystallization is an established method to purify organic compounds after reactions but 
most times the synthesized molecule may be a racemic mixture.  Chiral separation by 
chromatography is a possible route for racemic purification but cocrystallization can be utilized 
with chiral coformers to promote spontaneous resolution.  The purification of enanometric drugs 
is an important challenge as one enantiomer may be potentially dangerous.  Using chiral coformer 
2,2’-dihydroxy-1,1’-binaphthyl (BINOL), which can be obtained in either the pure S- or R-forms, 
has been used during fractional crystallization (cooling crystallization) to isolate lamivudine®88 
or omprazol® from a single reaction.89  Other chiral molecules such as (S)-(+)-mandelic acid has 
been used for separation of the racemic mixture of pregabalin®,90-91 and itself can be separated 
from other enantiomeric forms using (S)-alanine92 or (R)-cysteine.93 
1.4 Solid-State Synthesis Significance and Establishment  
Solid-state synthesis requires the formation of new bonds, covalent or noncovalent, in the 
absence of a solution phase.  Melting is loosely associated with solid-state reactions when 
necessary for product formation.  Solid-state synthesis is influential to green chemistry as benign 
routes of solventless reactions emerge.94  In particular supramolecular interactions between 
reagents are of special interest in solid-state synthesis.  The ability to exert control over molecules 
in the solid-state from their interactions with neighboring molecules will offer multiple benefits 
for organic and inorganic synthesis.  Greater selectivity leading to desired products, with little to 
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no side products and higher yields, are possible since the molecules are ordered and densely 
arranged in crystals compared with solution chemistry.  Perhaps the best attribute would come 
from these reactions being carried out without solvent and thus limiting the need to dispose of 
hazardous chemical by-products.   
Establishing that reactions could occur between two or more solids without the aid of 
solvent was observed when halogen derivatives of Wöhler quinhydrone react causing a visible 
color change while grinding.59,95-96  Reactions with no noticeable visible color changes can be 
observed through spectroscopy and X-ray diffraction techniques for homogeneity.  Grinding is 
not always necessary for molecules to rearrange in the solid-state.  Toda observed the formation 
of 1,1,6,6-tetraphenylhexa-2,4-diyne-1,6-diol with benzophenone in a 1:1 molar stoichiometry in 
a Nujol mull.  As time progressed, frequency shifts in the IR spectra of the mixture changed as 
the two components spontaneously rearranged to form the new phase driven by hydrogen bonds 
formation as shown in Figure 1.6.97  
 
 
Figure 1.6 Hydrogen bonding between 1,1,6,6-tetraphenylhexa-2,4-diyne-1,6-diol and 
benzophenone 
14 
 
1.4.1 Covalent Organic Solid-State Synthesis 
 Organic solid-state synthesis can be split into two categories of either covalent or 
noncovalent synthesis.  The noncovalent or supramolecular route was previously encountered 
with the synthesis of cocrystals in section 1.3.3.  Covalent organic solid-state synthesis was 
brought to light by Schmidt 2+2 photodimerazation of olefins.  By using the supramolecular 
approach, cinnamic acid and similar molecules are able to form dimers from their respective 
monomers in the solid-state after exposure to ultraviolet light.  These were single component 
systems and the use of binary systems later followed.  Many reactions, such as the Michael 
addition, elimination, cycloaddition, aldol condensation, Dieckman condensation, Grignard, 
Wittig, and Ylid have been proven by Toda, Kaupp, Tanaka, Kuroda and others, to occur in the 
solid state with high yield and selectivity over other products.97-107  Although many of these 
reactions work, they were not explored in thermogravimetric, calorimetric, or crystallographic 
detail.  Solid-state methods are not in common use in either industry or academia and may be 
adapted as feed stock chemical values continue to rise.   
1.4.2 Topochemistry vs. Molecular Diffusion 
Both inorganic and organic reactions can occur in the solid-state but the driving force 
which brings molecules to react is still controversial and their exact mechanisms are debated.  
Two different approaches, each supported by different characterization techniques, 
crystallography versus microscopy, have led to some confusion between topochemistry and 
molecular diffusion reactions.  The topochemical postulate conveys that reactions will take place 
with little to no atomic or molecular movement in the crystalline lattice.36,108  The only 
requirement is that neighboring molecules are in close proximity.  Schmidt is credited for the 
topochemical approach by performing various 2+2 photodimerization reactions.31-36  Without 
trying an exhaustive amount of reactions, Schmidt proposed a limit for such reactions to occur at 
less than 4.2 Å between reactants.  Unfortunately, this limit was not satisfying all 
photodimerization reactions occurring in the solid-state.  Kaupp proposed a different mechanism 
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base on molecular diffusion in the solid-state between the reacting species based on evidence of 
photodimerization reactions occurring beyond the 4.2 Å limit between monomers.  
Transformation in the solid state by physical contact between two crystals have been observed in 
which grinding expedites the process of molecular diffusion.100  Surface area increase upon 
grinding thus adding more sites for nucleation at the interface between crystals causing a cycle of 
new site. 
At the 2010 Gordon Research Conference on Crystal Engineering, Gerd Kaupp was an 
invited speaker.  His speech titled “New horizons with solid-state reactions: sound, clear-cut, and 
valid predictions” demonstrated his research and the use of atomic force microscopy (AFM) to 
monitor solid-state reactions.109  His position that molecular diffusion, not topochemistry, is the 
mechanism for solid-state reaction is contradictory to Schmidt’s research.  Kaupp research is 
observing diffusion in the solid-state at the interface, driven by either supramolecular interactions 
or thermal motion.  His work has shown that reactions can proceed to 100% conversion.102  Some 
of these reactions require ball milling, grinding, or irradiation which may create enough energy to 
overcome the activation barrier for reaction to proceed.101-103 
1.4.3 Cocrystal Controlled Solid-State Synthesis 
 Cocrystal controlled solid-state synthesis (C3S3) is defined as a reaction occurring 
in a stoichiometric multiple component crystal (Cocrystal) which upon external stimuli can 
undergo covalent synthesis of the reacting species.  The first stage to C3S3 is to crystal engineer 
the reacting species with proper supramolecular synthons. Various methods can be employed to 
synthesize the new crystal form including grinding, solvent-drop grind, slow evaporation, etc.  
The second stage is to stimulate the crystalline material to overcome the activation boundary for 
product formation.  Common sources of energy include irradiation using either heat or light (UV, 
IR, Microwave, etc.) and possible grinding or milling.  Photodimeraziton, nucleophilic 
substitution, and amine-anhydride condensations reactions have so far been successful via the 
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C3S3 approach.  Photodimeraziton of olefins using cocrystal has been carried out by 
MacGillivray,110-114 Jones,115 and Vittal116-117.  Vittal and colleagues employed charged-assisted 
hydrogen bonding to align trans-4,4′-stilbenedicarboxylic acid for photoreaction to occur.  Using 
resorcinol or 1,2,4,5-benzentetacarboxylic acid to hydrogen bond with trans-1,2-Bis(4-
pyridyl)ethylene molecules, MacGillivray and Jones’s respectively could irradiated the monomers 
forming dimers as shown in Figure 1.7.113,115  Compared to Schmidt’s work, the utilization of 
hydrogen bonds aided in the stacking of aromatic monomers as the supramolecular synthon.  
MacGillivray and Vittal dimers were later used as ligands in the synthesis of metal-organic 
materials.  Margaret C. Etter et. al. performed nucleophilic substitution upon 4-chloro-3,5-
dinitobenzoic acid and 4-aminobenzoic acid knowing that carboxylic acids would form hydrogen 
bond and electron rich and electron poor aromatic species could stack face-to-face positioning the 
reactive groups in close proximity.50  Zaworotko and Cheney have pioneered imide condensation 
reactions of primary amines with cyclic anhydrides via the use of cocrystrals.118-120  Imides 
synthesis in the solid-state were previously shown to form after microwave irradiation of the 
combined reactants. 121-122 The realization that olefins could photodimerize in the solid-state 
prompted polymer research to pursue similar techniques. 
 
 
Figure 1.7 2+2 photodimerization of trans-1,2-Bis(4-pyridyl)ethylene via a cocrystal with the 
formation of a cyclobutyl-derivative 
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 Schmidt proposed polymerization systems would work if reactive monomer pairs where 
in suitable contact that topochemical reactions would yield accurately defined polymer.123  
Various polymerization of diolefins occur in either amorphous or crystalline states. Additional 
reactions, obeying topochemical principles, were described by Hasegawa.124  Although many 
monomers can crystallize with reactive centers in close proximity, the use of cocrystal to aid in 
controlled crystallization of monomers not prone to place reactive centers in the desired 
arrangements can be explored.  Conjugated monomers are a target for C3S3 as they have 
previously been shown to polymerize upon heating in the solid-state while obeying the 
topochemical postulate .125  Making use of supramolecular synthons, hydrogen bonds, diacetylene 
and triacetylene monomers could be stacked in an ordered fashion.  Fowler and Lauher exposed 
these crystals to γ–radiation forming polymers as seen in Figure 1.8.126-129   
 
1.4.4 Solid-State Synthesis Benefits 
 In general, the control of forming covalent bond in the solid-state can enhance our 
understanding of the reaction pathway in terms of positioning and molecular motion of atoms or 
molecules.  Solid-state reactions have advantages over solution based chemistry for control of 
reacting species leading to higher selectivity and better yields.  Understanding physical properties 
 
Figure 1.8 C3S3 polymerization of a triacetylene after γ-radiation 
18 
 
of polymers, such as tensile strength, glass transition temperature, and conductivity, can be better 
determined with knowledge of their exact molecular configuration.  Time and resources are saved 
while benefiting environmental concerns for clean synthesis with a lack of byproducts requiring 
disposal.   
1.5 Coordination Chemistry 
 Alfred Werner’s contribution, for the way we look at metals and their relations with 
surrounding atoms and molecules as ligands, can in a large part be broken down in to the metal’s 
coordination number.  Coordination numbers are taken for granted today, but this revolutionary 
idea dispelled early theories and was later awarded the 1913 Nobel Prize in Chemistry.  The proof 
came from six-coordinate compounds that could be separated into their isomers.  ML4A2 isomers 
are either cis- or trans- while ML3B3 isomers include facial (fac) and meridional (mer) 
orientations  (M = metal, L, A, and B =  ligands) as depicted in Figure 1.9. Metal coordination 
geometry can be utilized as nodes in extended structures as discussed later. 
 
1.5.1 Metal-Organic Materials 
 Just as the industrial world reaches new heights in architectural construction of ever 
towering skyscrapers, the scientific community is pushing the forefronts of nanoscience and 
nanotechnology to construct materials on the scale of one to one hundred nanometers.  Excelling 
in this level of design and control over physical properties are metal-organic materials.  Metal-
 
Figure 1.9 ML4A2 green atoms represent atoms in either cis or trans orientation while ML3B3 
red atoms are positioned in facial or meridional orientations 
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organic materials, or MOMs, is a phrase used to describe an expanding topic within inorganic 
chemistry for the development of new solid-state materials for  broad range physical applications.  
MOMs are constructed from the joining of metal moieties and organic molecules which 
participate as ligands through coordinate covalent bonds.  The relative energy associated with a 
coordinate covalent bond is generally lower than ionic or covalent bond, making MOMs 
amenable to the design strategies of crystal engineering.  They can be synthesized in a “one-pot 
reactions” through self-assembly under mild conditions or through solid-state synthesis.  MOMs 
modular nature are condition dependent and can lead to multiple products from the same 
reagents.  The coordinate covalent bonds between metals and ligands may self correct (bind and 
rebind) as needed to fashion the final material with little defects.  Crystalline materials are the 
final outcome from the self-assembling reactions and identification using X-ray diffraction, 
spectroscopy,  volumetric, and gravimetric experiments aid in their characterization.  MOMs 
range from discrete (molecular rings, cages, polyhedra), to 1-periodic (chains, ladders, etc.), to 2-
periodic (sheets or bilayers), and include 3-periodic crystalline structures (cubic, diamondoid, 
zeolitic, etc.) and non-crystalline gels as graphically depicted in Figure 1.10.  Higher orders of 
control such as electronic or magnetic properties can be designed within the previous structures.   
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1.5.2 History 
The development of the field did not begin with what we call MOMs today, but were 
coordination complexes that developed several decades earlier with its origins of Werner’s 
coordination compounds.130-139  It has only been since the later 1980’s and early 1990’s that the 
field has gained considerable attention in a large part due to the single most important property 
“Porosity” in which MOMs are superior.  From the possible coordination environments metal 
cations exhibit, they can join with other metals using multi-topic ligands participating as spacers 
or nodes between metal centers.  Among the use of single metal moieties, the influential work by 
Robson,140-146 Fujita,147-155 Kitagawa,156-167 Robl,168-169 among others170-172 used ditopic ligands and 
the principles of crystal engineering to develop discrete and extended structures from pyridyl or 
catechol type ligands.   The use of linear ditopic ligands however restricted the topology of the 
 
Figure 1.10 Metal–organic materials encompass discrete as well as extended structures with 
periodicity in one, two, or three dimensions. The latter have also been referred to as porous 
coordination polymers, metal–organic frameworks, and hybrid inorganic–organic materials. 
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resulting framework based on the coordination geometry of the metal node.  Known as the “node 
and space” approach, A. F. Wells presented a simple way to analyze polyhedra and nets of 
inorganic crystal structures.173  These were later used to describe MOM framework topologies.  
For example, if a given metal ion adopts a tetrahedral geometry with two equivalents of a linear 
ditopic ligand, either cubic or hexagonal diamondoid topologies will result.  In similar fashion, 
square planar metal ions with two equivalents of a linear ditopic ligand can produce either a 
square grid or nbo topology if the squares are planar or rotated ninety degrees to each other 
respectively as seen in Figure 1.11.  Octahedral nodes and two equivalents of a linear ditopic 
ligand can also give square grids or with three equivalents produce an octahedral network as 
shown in Figure 1.11. 
 
In the later 1990’s the field experienced a rapid growth in structures and with it new 
acronyms arrived.  Various acronyms were borrowed from other fields such as zeolites or were 
 
Figure 1.11 Schematic illustration of the node (red) and linear spacer(blue) approach for 
design of networks based upon tetrahedral (above left cubic diamondoid, above right 
hexagonal diamondoid), square/octahedral metal nodes (below left square grid, below middle 
nbo network, and below right octahedral network) 
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invented to describe the place in which the materials were synthesized.  The terms Metal-Organic 
Frameworks (MOFs), Porous Coordination Polymers (PCPs), Materials Inistute Lavoisier 
(MILs), and University of Michigan Crystalline Materials (UMCMs) are among some of the 
better known terms used to describe similar classes of materials.   
The following generations of MOMs took into consideration the use of multiple metal 
clusters to participate as framework nodes.  These multiple metal clusters and others that were 
held together by bridging ligands (µn) were previously studied for their characteristic multiple 
metal bonds by F. A. Cotton.174  In particular, the use of carboxylate ligands to form nodes were 
based on discrete metal-organic complexes such as copper acetate ([Cu2(µ2-OOCCH3)4]) or basic 
chromium acetate ([Cr3O(µ2-OOCCH3)6]).  These and others metal cluster could be made in situ 
with multi-carboxylate based ligands and called secondary building units (SBUs) by Yaghi. SBU 
is a term borrowed from zeolites to describe the connectivity of their basic units.175-177  The SBU 
approach was first demonstrated by Yaghi’s175-193 use of either zinc acetate [Zn2(µ2-OOCR)4] or 
basic zinc acetate [Zn4O(µ2-OOCR)6] linked through terphthalate ligands.  The basic zinc acetate 
is a tetrahedron of zinc ions surrounding an oxygen dianion bridged by an octahedral arrangement 
of six carboxylates giving it an overall octahedral geometry to produce primitive cubic or pcu 
topology with linear dicarboxylate ligands.  These metal cluster and others shown in Figure 1.12 
proved to be useful in enabling greater rigidity, thus allowing framework evacuation of internal 
guest molecules yielding porous and stable frameworks for exchange with multiple gases.   
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1.5.3 MOM Properties 
 It was apparent early in their development that MOMs could display a variety of 
properties contributed by their dual nature, containing both metal and organic moieties.  This and 
meaningful usable internal space within the crystalline framework led to investigations into 
MOMs physical and chemical properties.  Of the pyridyl based structures of Fujita’s 
[Cd(bipy)2(NO3)2]n  (bipy = 4,4’-bipyridyl) square grids exhibit selectivity of ortho-
dihalidbenzene over the remaining two isomers and demonstrate catalytic activity for the 
cyanosilation of aldehydes.149  Kitagawa’s experiments on [(M2(bipy)3(NO3)4)•xH2O]n (M = Co, 
Ni, Zi) a bilayer design, retained structural integrity after evacuation of solvent, allowing gas 
sorption studies to evaluate its microporosity.156  Prior to Kitagawa’s work, MOMs were unstable 
to evacuation or loss of guest molecules.  Later Yaghi’s work using [Zn(bdc)(H2O)]n (bdc = 1,4-
benzenedicarboxyxlate) (MOF-2) a layered square grid described similar results of microporosity.  
Since these seminal works, microporosity has reached immense surface areas.  Greater than 
5000m2/g for a few structures and one achieving ~10,000m2/g with pore sizes ranging from 
microporous (<2 nm) to mesoporous (2-50 nm).194-196  MOMs easily overtook other permanently 
porous materials such as zeolites,197 porous aromatic frameworks,198 and covalent-organic 
 
Figure 1.12 Schematic illustration of copper acetate (square), basic chromium acetate 
(triangle), basic zinc acetate (octahedron), and basic chromium acetate (trigonal prism) from 
left to right 
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frameworks.199-201  The modular nature of MOMs with tunable surface area and pore size allows 
these materials to be used for further applications such as molecular or ionic separations, 
sequestrations, and slow release of guest molecules.  Contribution from optically active metal 
ions and ligand can be used for luminescent applications allowing porous MOMs to possess 
sensing abilities for a range of molecules and ions.202  Metal moieties are critical for magnetic 
behavior and with facile alteration of MOMs, the magnetic properties are changed by different 
guest molecules.203  Both the metal and organic moieties can contribute to catalytic activity in 
porous MOMs.204-206  Open metal site or unsaturated metal may behave as the active site for 
catalysis.  The organic ligand can also be catalytic or contribute chirality to the MOM helping 
enantiomeric selectivity.  Metal-organic materials as heterogeneous catalysts may combine 
stability and recyclability with the activity of homogeneous catalysts.   
1.5.4 MOMs Construction Units and Terminology 
Porous MOMs are constructed based on three critical criteria: i) the pore size, ii) pore 
shape, and iii) pore functionality.  Thoughtful consideration of these three criteria can influence 
the ingress or egress, selectivity or affinity, and the physical/mechanical properties towards guest 
molecules.  This will result in a multi-functional MOM geared towards useful applications.   
Progression from single metal ions and bidentate ligands to metal clusters and multi-
dentate ligands, is advancing at a rapid rate and with it the terminology used to describe and 
design new MOMs.  A few examples will be presented here to describe the terms used along with 
their design strategy.  Some of the terms include PBU, MBB, SBU, nSBU, BB/BU, TBU, and 
SBB.  It should be noted that Zeolites and related materials have defined similar acronyms.207  
The primary building unit, or PBU is a term rarely used in MOMs to describe reactants like the 
tetrahedral geometry of zinc or phosphorous ions.  This term originally described TO4 tetrahedron 
unit found in Zeolites.  All MOMs consist of atoms, molecules, and ions and using PBU is 
ambiguous to the design principles much the same as individual TO4 units do not fully represent 
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all Zeolites.  The additional terms are better in describing the design strategies to construct higher 
order crystalline MOMs with useful topologies and properties.  The term molecular building 
blocks (MBBs) have been defined by Yaghi and O’Keeffe as the synthetic units employed for the 
synthesis.180-181  This includes ligands (neutral or charged) or metal clusters that do not change 
their form after coordination.  Later, Eddaoudi considered chemical units that were constructed in 
situ from metals and ligands such as the copper acetate paddlewheel composed of copper and 
carboxylates as the MBB.208  The term secondary building unit or SBU was first and foremost 
used to describe the repeating units arranged from PBUs that are observed in Zeolites.   For 
MOMs, the term SBU arose to describe conceptual units which were not employed in the 
synthesis as distinct molecular moieties as described by Yaghi and O’Keeffe.177,181  These 
included metal clusters fabricated from metal salts and bridging ligands such as carboxylates or 
phosphates.  Zaworotko and Eddaoudi view the points of extension from the geometric 
representation of the molecular construct as the SBU.208-209  Eddaoudi’s and Zaworotko’s MBB 
metal clusters made in situ are equivalent to Yaghi’s and O’Keeffe’s original SBU.  Later Yaghi 
defines the term, in the context of reticular chemistry, to refer to the geometric points of 
extension.210  Zaworotko expanded the term SBU to include nanoscale secondary building units 
(nSBUs) which were formed from the self-assembly of MBBs at their vertices into polygons 
which then would direct structure formation.209,211  The nSBU approach is similar to Rao’s 
building blocks/units (BBs or BUs) to describe corner-shared multi-member rings which are both 
similar to SBUs found in Zeolites.197,212-213  Férey’s use of the term building unit or BU identifies 
a few entities that construct the whole material in which these same entities can construct 
different topology from changes in their connectivity.214  These entities are not necessarily related 
to the asymmetric unit which upon symmetry operations describes the unit cell.  The BU has no 
size limit and with increasing size, or “scale chemistry,” the arrangement of the BU is the same, 
only the cell length varies.214  The chemical synthesis of any of these building blocks/units is not 
fully understood. Work to relate to their construction and assembly by in situ characterization 
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techniques is limited but varying conditions can favor one outcome over others.215  The term 
tertiary building unit or TBU is also rarely used in the context of MOMs by Yaghi, to describe 
branching ligands that themselves contain multiple SBUs.210,216  Later, Eddaoudi described the 
higher order of MBBs as a new building unit, the TBU.  Eddaoudi TBU is synonymous with the 
term supermolecular building block or SBB.208  SBBs can be regarded in a hierarchical 
construction of nanoscale metal-organic polyhedral made from multiple MBBs.  The SBB is 
linked through multi-topic ligand to other SBBs or MBBs.  These generate controlled topologies 
that are limited by the symmetry of the SBB.   
1.5.5 Singular or Multiple Polyhedral Cavities/Cages in 3-Periodic MOMs 
Many frameworks, built with metal moieties and a single type of organic ligand, can 
generate 3-periodic structures that may contain polyhedral cavities or cages.  Examples of 
singular or multiple cavities or cages accessible to guest molecules will briefly be outlined below. 
Lower periodic structures may also pack or entangle to form cavities or cages.  Non-
polycatenated 1- or 2-periodic structures may also contain cavities but they are often either 
channel type or isolated from each other.  Polycatenation of discrete, 1-, or 2-periodic structures, 
have produced various cavities or cages in their higher ordered structures.  The difference 
between a cavity and a cage is arbitrarily designated by their designer but these terms have been 
defined for Zeolites.  A polyhedron whose maximum window possesses a 6-ring is called a cage 
while all other polyhedra are called cavities.217   
Two building approaches emerge when multiple polyhedral cavities exist in a single 
framework.  They differentiate between frameworks which share faces (Section 1.5.5.2) and those 
that are built from polyhedral supermolecular building blocks (SBBs).  Both methods have the 
added ability of generating additional cavities in the framework base on the theory of sphere 
packing or added space between SBBs used as nodes.  The latter approach can be realized 
through cross-linking ligands at either the vertices or faces of the polyhedra.  SBBs as larger 
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polyhedral building blocks may maintain meaningful porosity even when interpenetration result.  
They usually are restricted to higher symmetry and thus limiting the number of possible 
framework topologies. 
1.5.5.1 Single Polyhedral Cavity or Cage in 3-Periodic MOMs 
Many MOMs contain a single type of polyhedral cavity or cage when considering the 
geometric representation of the framework. MOF-5 (Metal-organic framework 5) can serve as the 
prototype framework containing cubic shape cavities exhibiting a pcu topology.  MOF-5 began a 
series of isoreticular MOFs (IRMOFs) that share the same octahedron building units with 
extended linear dicarboxylate ligands, as shown in Figure 1.13.  Upon expansion of the IRMOFs, 
the ability of interpenetration can occur and the number of interpenetrating frameworks and free 
volume can be related to the size of the MBB (node) and the length of the ligand.218 
 
Nature has already arrived at solid-state materials possessing a single polyhedral cage for 
which MOMs can mimic with the proper choice of reactants.  MOMs with the network topology 
of Sodalite (sod), a naturally occurring zeolite, are built upon two similar techniques called 
Zeolite-like metal-organic frameworks (ZMOFs) or Zeolitic imidazol frameworks (ZIFs).  
Building on similar type ligands, the imidazol nitrogen atoms in the 1,3-positions, coordinate with 
 
Figure 1.13 Shown left is MOF-5 with cubic cavities and right ZMOF sodalite. 
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metal ions mimicking the T-O-T (T = Si, Al) angle found in the naturally occurring zeolites.  This 
generates the Sodalite or β-cage which joins at square and hexagonal faces as shown in Figure 
1.13.  The metal-organic Sodalite analog unit cell is 8 times larger than the aluminosilicate 
analogue and exhibits similar properties such as permanent porosity and the ability to exchange 
counter ions. 
A single type of polyhedral cage or cavity for a MOM possesses several advantages.  The 
homogeneity of the polyhedral cage framework can be tuned to accept specific guest with high 
affinity.  This discrimination between guests can lead to selective catalysis for hard to target 
chiral reagents.  Further use for single cavity MOMs can be applied towards separation and 
purification of molecules with similar kinetic diameters and different electrostatic interactions.   
1.5.5.2 Two types of Polyhedral Cavities or Cages in 3-Periodic MOMs  
 The discrete nanoball structure of formula [Cu2(bdc)2L2] (bdc = 1,3-
benzenedicarboxylate, L = solvent or pyridyl base) was reported in 2001 possessing the small 
rhombihexahedron faceted polyhedron with 12 paddlewheel and 24 bdc ligands that’s centroid 
serves as the vertex linked at 120°.219-220  The nanoball can be enhanced at either of two sites, i) 
the vertices, by addition to the 5-position of the bdc ligand or ii) through ligand coordination at 
the axial position of the paddlewheel.  Reactions using a flexible cross-linked bdc ligands with 
copper nitrate utilizes the first strategy to produce a pcu-like topology with quadruple cross-
linked between nanoballs as shown in Figure 1.14.  Here the nanoballs participate as SBBs with a 
node size of ~2.5 nm and spaced 0.72 nm apart from the cross-linked ligands. This generates a 
second large octahedral cavity between nanoballs which allows enough space for a second 
nanoball framework to interpenetrate.   
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 Nanoscale octahedrons formed by the linking of C3-symetric ligands at the corners of C4-
symmetric or planar 4-coordinate metals, as shown in Figure 1.15, are made in solution.221  
Changing the metals coordination symmetry to favor Oh symmetry coordinating with six ligands 
can promote connections at the vertices of the octahedron into a pcu topology, as shown in 
Figure 1.15.  Open octahedral cavities are positioned between eight octahedron SBBs in 
primitive cubic network.  Lah’s group has demonstrated enough free space between these SBBs 
to include a second interpenetrating framework.222 
 
Figure 1.14 Cross-linked nanoballs. 
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 The combination of two different polyhedra and their connectivity may lead to interesting 
properties not possible with single cavity type structures.  Their cavity shape and chemically 
functionality can serve towards selective chemical encapsulation of two guest molecules.  
Allowing for binary chemical reactions to take place in precise orientations yielding highly 
specific products that may otherwise not form in a controlled manner from solution.  Multiple 
cages begin to address separations and enrichment of gases and liquids.  Multiple species may 
freely enter the material, but associations can be used to restrict a single component from 
diffusing through.  
1.5.5.3 Three types of Polyhedral Cavities or Cages in 3-Periodic MOMs  
 The use of trimesic acid for coordination chemistry is extensive with over 500 crystal 
structures deposited in the Cambridge Structural Database to date.56  Reactions with trimesic acid 
and either copper(II), zinc(II) and other transition metal have produced a 4-,3-connected 
framework exhibiting tbo topology using square paddlewheels and triangular connecting 
trimesate (btc) ligands.  The parent structure, known as HKUST-1 when constructed with copper, 
 
Figure 1.15 Vertex linked octahedron SBBs. 
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contains three different polyhedral cavities.  The largest cavity, a small rhombihexahedron 
represents the nanoball.  The middle size cavity, an octahemioctahedron contains eight triangular 
faces from btc joined at the centroid of the square paddlewheels.  The smallest cavity, a 
tetrahemihexahedron, contains four triangular btc ligands faces joined at the centroid of the 
square paddlewheels as shown in Figure 1.16.  The cages are in a 1:1:2 ratios from largest to 
smallest and crossing channels in all directions in the framework.   
 
Layering a methanol solution of trimesic acid and zinc(II) nitrate over nitrobenzene 
containing pyridine builds a 3-, 3-, 4-connected framework that exhibits tfe topology from btc, 
triangular paddlewheels, and the ubiquitous square paddlewheel respectively, as shown in Figure 
1.17.  The larger cavity, a small cubicuboctahedron, is enclosed by 6 square and 8 triangles faces 
 
Figure 1.16 Polyhedrons found in HKUST-1 and their ratio relations within the framework 
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vertex connected at 120° from the center of 24 btc ligands which act like a 1,3-
benzedicarboxylate (bdc) for the discrete polyhedron.  Each triangular face is shared by adjacent 
small cubicuboctahedron in a primitive type packing.  The middle size cavity, a distorted 
octahemioctahedron, is enclosed by 8 triangular faces of btc and vertex linked by 8 triangular 
paddlewheel and 4 square paddlewheel units.  The smallest cavity, an octahemioctahedron, is 
enclosed by 8 triangles faces vertex linked by12 triangular paddlewheel units.  The cages in a 
1:3:1 ratio from largest to smallest which create channels crossing through the square windows 
from the polyhedrons are shown in Figure 1.17. 
 
Previously, the use of terphthalate and basic zinc acetate building blocks generate the 
isoreticular series of nets that contain a single type of cavity.  Changing the metal to chromium 
and using different synthetic conditions help form basic chromium acetate (Cr3O(O2CCH3)6) 
 
Figure 1.17 Polyhedral cages as found in the 3-,3-,4-connected framework. 
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(Figure 1.12) as the building block for the construction of MIL-101.195,223  Four trigonal prism 
join from six terphthalates located at the edges of a supertetrahedron (ST) which further join to 
generate an mtn topology.  Dodecahedron and mcp-d polyhedra in a 2:1 ratio are constructed 
from 20 and 28 STs, shown in Figure 1.18, have internal diameter of 2.9 nm and 3.4 nm, 
respectively.  Similar results for the construction of mtn-like frameworks using ST can be 
achieved using 1,3,5-benzenttricarboxylate (btc) with chromium under similar condition as MIL-
101 forms MIL-100.  Four btc ligands form the faces of the ST as shown in Figure 1.18. 
 
Nanoballs can be used for both face connected polyhedra and as SBBs in the pcu 
framework through quadruple cross-linking.  Different derivatives in the 5-position of the bdc can 
target the (3,24)-connected rht net, a topology reported by Delgado-Friedrichs and O’Keeffe as 
the only edge transitive binodal net involving triangles and rhombicuboctahedra (which shares the 
same edge skeleton as the small rhombihexahedron). The first MOM with rht topology was 
 
Figure 1.18 Edge and face linked supertetrahedron connect to form mtn frameworks. 
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reported by Eddaoudi and Zaworotko in 2008.208  Since then several variants on the same 
topology have been constructed using different organic ligands and transition metals.  There are 
three different cavities present in the rht-like frameworks whose size and nature vary depending 
on the C3 symmetric ligand’s length and functionality.  Besides the small rhombihexahedron, a 
cavity is situated between 8 trigonal ligands joining 6 nanoballs (Figure 1.19) and 8 tetrahedral-
like cages. 
 
 
Figure 1.19 rht framework excluding the tetrahedral cavities for clarity. 
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1.6 Summary 
 Supramolecular chemistry has been around for a long time, with contribution coming 
from multiple disciplines, offering many insights into the intermolecular interactions of these 
molecules.  The success in crystal engineering has benefited from the supramolecular interaction 
literature, providing the tools to prepare experiments prior to mixing chemicals.  Formation of 
cocrystal and other solid-state materials, while reducing the amount of waste, addresses green 
chemistry concerns and cost saving techniques of improving sustainability.  Metal-organic 
materials, built on the principle of polyhedral cages are presently designed and prepared on a 
large scale allowing for the ingress and egress of specific molecules for industrial applications.  
Further consideration and effort will also document the physical and chemical properties these 
materials will possess, making them competitive for energy, health, and environmental 
technologies.  A great deal of this work would not be possible without the aid of X-ray diffraction 
and access to the data of many researchers working simultaneously to understand and tackle 
challenges facing the needs of society.   
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Chapter 2 
Cocrystal Controlled Solid-State Synthesis (C3S3) of Imides 
2.1 Introduction 
 Since the beginning of the industrial revolution, production of consumable goods and 
industrial supplies have provided invaluable commodities to the masses, but at what risk to the 
health and safety of the environment?  Hazardous contaminates which were known or unknown at 
the time were discarded in to the local surroundings of manufacturing plants, many of which were 
located near rivers, streams, and populated areas.  In the later 1940’s and early 1950’s, efforts to 
limit and restrict contamination to air, land, and water were enacted by the U.S. federal 
government.1  Later, the establishment of the United States Environmental Protection Agency 
(USEPA) in the early 1970’s set in motion broad changes in environmental protection through 
special assessment task forces, research, and education.1 
Academic research and industry are now adapting safer and greener means for synthesis 
and production of goods for a sustainable future.  It was not until 1990’s that a journal dedicated 
to “Green Chemistry” appeared.3  Scientists have long use techniques pertinent to green 
chemistry, but these techniques were not called as such until the popular work by Anastas and 
Warner published the 12 principle of green chemistry.4  This defined the field as a means to 
reduce or eliminate the generation, handling and disposal of hazardous materials used for 
synthesis.4   Such philosophy was present earlier during the development of supramolecular 
chemistry with the intent to have atomic and molecular control to reduce or eliminate side 
reactions. 
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 “One may expect that by taking advantages of suitably designed supramolecular features 
it will be possible to generate a variety of highly complex architectures that would not be 
accessible otherwise (or only with low affinity). Such supramolecular assistance adds a new 
direction with powerful means to organic synthesis.” 
         Jean-Marie Lehn5 
 Using supramolecular interactions, the formation of cocrystals are applicable towards 
solid-state synthesis and makes use of the 12 principles of green chemistry.  Cocrystals can meet 
the specific demands stated as: i) prevent waste, ii) maximize product formation, iii) nontoxic, iv) 
preserve efficacy of function, v) no auxiliary substances, vi) react at room temperature and 
pressure, vii) renewable raw materials, viii) avoid derivatization, ix) selectivity, x) recyclable 
products  into harmless chemicals, xi) real time monitoring, and xii) reduce potential chemical 
accidents.  Cocrystals form spontaneously or via milling techniques in quantitative yields without 
the aid of additives therefore meeting many of the aforementioned requirements.  Judicious 
selection of reactants can reduce toxicity including post-product remediation.  Reactant 
derivatization may be avoided with crystalline forms that favor high selectivity of the resulting 
product.  These crystalline forms may align specific moieties within complex molecules in the 
solid-state that are less attainable in solution, aiding in more control of product formation. Real 
time monitoring using spectroscopy and X-ray diffraction techniques are common practices for 
cocrystal formation. 
 Cocrystals offer a route to place reactive species in close proximity using the above green 
principles and simple synthetic techniques.  Additional energy, in the form of light or heat, may 
be required to overcome the activation energy in the covalent synthesis for topochemical 
reactions.  Cocrystals have seen success in photodimerization of olefins,6-13 polymerization of 
diolefins, diacetylene, triacetylene monomers,14-18 and nucleophilic substation reactions.19  Many 
other reactions occur in the solid-state with little evidence of intermolecular interaction prior to 
the synthesis of new bonds as discussed in section 1.4.1. 
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 Beyond the12 principles of green chemistry, chemical reactions can be further evaluated 
and compared using atom economy and their environmental factor (E-factor).2,20-21  Atom 
economy measures synthesis efficiency as a quotient function of the product molecular weight 
over molecular weight of the sum of reactants used, whereas the E-factor is the quotient of weight 
of waste divided by the weight of product synthesized.  Table 2.1 lists some common 
consumables and their E-factor.   
 
2.2 Imide Synthesis 
 Imides can be prepared by multiple procedures including reflux in dry solvents,22 
microwave irradiation,23-25 using solid-phase synthesis on a bead support,26 and recently, using 
cocrystal controlled solid-state synthesis (C3S3).27-29  This work will focus on cyclic imide 
formation from solid-state reactions employing cyclic anhydrides with aromatic amines as shown 
schematically in Figure 2.1.   
Table 2.1 E-Factor from industries production of consumables.2 
Industry Tons per year produced E-Factor 
Oil Refining 106-108 <0.1 
Bulk Chemical 104-106 <1-5 
Fine Chemicals 102-104 5-50 
Pharmaceuticals 10-103 25-100 
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 Imides, in particular cyclic imides, have profited in both solution chemistry and solid-
state materials.  They have practical use in polymers such as in proton exchange membranes.30-31  
As organic field-effect transistors, cyclic imide derivatives are customizable to meet the physical 
requirements to be used in variable environments.32  In solution they have found use as 
bichromophoric FRET pairs.33  Medicinally, examples include thalidomide, lenalidomide, and 
pomalidomide which affect the immune system.34-35   
The cyclic anhydrides and primary amines depicted in Figure 2.2 and Figure 2.3 were 
chosen to function as ligands in the construction of metal-organic materials and in the formation 
of cocrystals due to their pyridyl and carboxylic acid moieties.  The starting materials include: 
1,4,5,8-Naphthalenetetracarboxylic dianhydride (NTCDA), 1,2,4,5-benzeneteracarboxylic 
dianhydride (BTCDA), trimellitic anhydride (TMA), 3,3’,4,4’-benzophenotetracarboxylic 
dianhydride (BPODA), 3,3’,4,4’-biphenyltetracarboxylic dianhydride (BPTDA), 2-
aminopyridine (2APY), 3-aminopyridine (3APY), 4-aminopyridine (4APY), 2-aminopyrimidine 
(2APM), 3-aminobenzoic acid (3ABA), 4-aminobenzoic acid (4ABA), 4-aminosalicylic acid 
(4ASA), and 5-aminoisophthalic acid (5AIA).  The combination of the five anhydrides with the 
five amines was investigated to determine whether or not the cocrystal phase can be identified en 
route to the condensation product.  Characterization was performed using a TA Instrument DSC 
2920 differential scanning calorimetry (DSC), thermal gravimetric analysis on a Perkin Elmer 
STA6000, and FT-IR on a Nicolet Avatar.  Second harmonic generation was obtained by exciting 
 
Figure 2.1 General reaction scheme for imide formation from a primary amine and anhydride 
by way of grinding and heating to form the condensation product 
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a powder sample using the 1064 nm fundamental of a Continum Leopard I actively-passively 
mode locked Nd:YAG (~20 ps, ~60 mJ/pulse) and monitoring 532 nm output.  X-ray powder 
diffraction on a Bruker D8, θ/2θ diffractometer using Cu Kα radiation (λ= 1.54056Å), and single 
crystal data was collected on a Bruker SMART APEX or APEX II using Mo Kα (0.07093Å) or 
Cu Kα (λ= 1.54056Å), respectively.   
 
 
 
Figure 2.3 Amines 
 
Figure 2.2 Anhydrides 
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2.3 Results and Discussion   
 Completed condensation reactions between a cyclic anhydride and amine in the solid-
state are summarized in Table 2.2.  All reactions produce the corresponding imide after grinding 
the reagents together neatly, or via a solvent drop method and subsequent oven heating.  
Formation of the cocrystal during the grinding state was monitored through IR and X-ray powder 
diffraction (XRPD) experiments.  Twenty-two of the twenty-five reactions produce the 
corresponding imide without forming the cocrystal during the initial grinds as shown by IR and 
XRPD spectra.  The reaction between TMA (M.P. 163-168°C) and 4APY (M.P.155-158°C) form 
a new phase after heating the dry grind sample above 160°C, above the melting point of 4APY.  
The imide formed between TMA and 4APY requires heating at 260°C in the oven for 
condensation.  Grinding BTCDA and 4ABA formed a new phase that is identifiable by a color 
change, white to bright orange, when grinding the two reactants together.  This new phase can be 
heated to make the corresponding diimide.  Solvent drop grinds using N,N′-dimethylformamide 
(DMF) with NTCDA and either 3ABA or 5AIA form a new cocrystal phase and subsequent 
heating can form the corresponding diimide.  The dry grinds between NTCDA and either 3ABA 
or 5AIA do not form cocrystal phases, however, they result in the diimide after heating to 180°C.   
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2.4 Experimental Anhydrides and Amines 
All reagents were purchased and used as received.  In a typical experiment 0.5 mmol of 
dianhydride (or 1.0 mmol of anhydride) and 1.0 mmol of amine were ground in a ball mill (SPEX 
SamplePrep 8000M) for one hour.  In addition, the same reactions were conducted in the 
presence of 0.5 mmol of N,N′-dimethylformamide (DMF).  The milled materials were 
subsequently heated in an oven at a temperature corresponding to the observed phase change and 
Table 2.2 Twenty-five reactions that produce imides after heating either neat grinds or solvent 
drop grinds. 
 
Green = mixture, heating =imide 
Red = heated to cocrystal, heating higher = imide 
Purple = DMF grind cocrystal, heating = imide 
Orange = Dry grind cocrystal, heating = imide 
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weight loss as determined by differential scanning calorimetry (DSC, TA Instrument 2920) and 
thermal gravimetric analysis (TGA, Perkin Elmer STA 6000) experiments, respectively.  Dry and 
DMF milled materials were placed in a 7 mL scintillation vial and heated for 1 to 4 hours in an 
oven at the temperature noted with percent yields as listed in Table 2.2.  Select examples show 
both mixtures and cocrystal phases forming the condensation product and resulting crystal 
structures.   
2.4.1 Reaction between NTCDA and 4APY Mixture 
 The reaction between NTCDA and 4APY are observed in the DSC and TGA 
thermograms (Figure 2.4).  The endothermic peak at 159.8°C corresponds to 4APY melting 
followed by the next endothermic peak at 225.6°C for the imide formation in the dry grind 
(Figure 2.5).  Endothermic and exothermic peaks are approximately 10-40°C lower in the DMF 
grind than dry grind.  DMF solvation of 4APY is seen in the IR spectrum (Figure 2.6) with a 
93cm-1 shift in the N-H stretch from 3434cm-1 to 3392cm-1 and a new peak at 1736cm-1.  Imide 
condensation is complete after 184.3°C for the DMF grind.  Weight loss in the TGA thermogram 
for the neat grind is 13.1% greater than calculated owing to the evaporation from 4APY.  The 
DMF grind proceeds in a similar fashion with a total weight loss of 20.3% which is accounted 
from the condensation plus DMF evaporation (14.9%) and 4APY evaporation (5.3%).  Percent 
yields of ~93% are achieved after heating a 1 mmol batch scale at 230°C for one hour in a 7 ml 
scintillation vial.  The X-ray powder patterns indicate that both the dry grind and DMF grinds are 
mixtures as shown in Figure 2.7.  
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Figure 2.5 IR spectra of NTCDA, 4APY, and diimide (top to bottom) 
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Figure 2.4 DSC and TGA plots highlighting phase transitions and weight loss for NTCDA 
and 4APY 
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Figure 2.7  XRPD NTCDA and 4APY grinds 
.  
Figure 2.6 IR spectra of dry grind and DMF grind of NTCDA and 4APY 
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 Single crystals of the condensation product between NTCDA and 4APY (BIPA-Py) are 
obtained by dissolving BIPA-Py in hot DMSO and cooling to room temperature.  Crystals of 
BIPA-Py:DMSO (2C1) crystallizing in the monoclinic space group P21/c as needle like crystals.  
BIPA-Py packs in a herringbone motif along the a-plane as shown in Figure 2.8. The voids 
located between adjacent BIPA-Py molecules are occupied by DMSO molecules.  Layers stack 
along the a-axis through slipped aromatic stacking (interplanar spacing = 3.27 Å) and CH•••O 
distances of 3.320(4) Å (Figure 2.8).  Crystals of BIPA-Py grown from DMF crystallize with 
similar cell dimensions and exhibit the same crystal packing.36  The pyridyl moieties exhibit 
torsion angles of 81.06° and 69.56° with respect to the imide moiety in the DMSO and DMF 
solvates, respectively.   
 
 
 
 
 
Figure 2.8 Four unit cells of 2C1 (left) and stacking between diimides (right) 
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2.4.2 NTCDA plus 3ABA Condensation and Cocrystals 
The reaction between NTCDA and 3ABA are revealed in the TGA and DSC thermograms 
(Figure 2.9).  The diimide forms at 155°C from the neat grind with a slightly greater weight loss 
of 2.98% than calculated.  This larger weight loss is attributed to sublimation or evaporation of 
3ABA beginning around 165°C.  The DMF grind forms a cocrystal phase seen by a color change 
from yellow to purple.  This intense color change is the result of a charge transfer complex 
between NTCDA and 3ABA.  The solid-state absorption for the charge transfer complex is 
centered around 542 nm and 526 nm for DMF and 1,4-dioxane solvent drop grinds (Figure 2.10).  
IR of the product after heating to 180°C for 30 minutes shows carbonyl stretches at 1698 cm-1 and 
1667 cm-1 indicating the diimide product (Figure 2.11).  IR from the dry grind indicates a mixture 
of reactants.  The DMF grind possesses two new carbonyl peaks at 1775cm-1 and 1737cm-1 
(Figure 2.12) indicating DMF and different environments for the carbonyl oxygen of 3ABA or 
NTCDA.  Greater than 95% yields can be obtained between NTCDA and 3ABA condensation 
reactions on a 10 mmol batch scale.  
 
             
Figure 2.9 DSCs and TGA plots highlighting the phase transitions and weight loss for 
NTCDA and 3ABA 
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Figure 2.11 IR spectra of NTCDA, 3ABA, and Diimide (top to bottom) 
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Figure 2.10 UV/Vis Absorbance of solvent drop grind of NTCDA with 
3ABA using DMF or 1,4-Dioxane 
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Single crystals of the charge transfer complex were achieved after slow evaporation of 
20 mg of the cocrystal from a 1,4-dioxane solution.  Crystals of 2C2, a 
3ABA:NTCDA:1,4-dioxane cocrystal in a 2:1:1 stoichiometric ratio crystallize in the triclinic 
space group P-1.  3ABA hydrogen bonds to an adjacent 3ABA in an R 2
2
 (14) motif through the 
carboxylic acid and amine moieties (N-H•••O d = 3.066(3) Å).  3ABA additionally forms 
hydrogen bonds with 1,4-dioxane between the carboxylic acid and an ether oxygen (OH•••O d = 
2.643(3) Å) to form chains.  These chains stack along the a-axis with NTCDA inserted between 
ABA layers by aromatic stacking interactions spaced approximately 3.5 Å apart.  NTCDA 
additionally hydrogen bonds with the amine of 3ABA at an N-H•••O=C distance equal to 
3.218(4) Å in nearly a planar fashion as shown in Figure 2.13.  XRPD diffractograms show the 
dry grind as a mixture. The 1,4-dioxane grinds match the calculated crystal structure of the 
cocrystal, and the DMF grind differs from the reactants in a new form possibly similar to the 
cocrystal, as shown in Figure 2.14.   
  
Figure 2.12 IR spectra of dry and DMF grinds of NTCDA and 3ABA 
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 Single crystals of the condensation product formed between NTCDA and 3ABA 
(H2BIPA-DC) are grown by dissolving 15 mg in 2 mL of pyridine and leaving the solution to 
evaporate slowly for two weeks.  H2BIPA-DC:3Pyridine 2C3, crystallize in the triclinic space 
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Figure 2.14 XRPD for 3ABA and NTCDA grinds, with cocrystals 
  
Figure 2.13 Crystal packing of 2C2 
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group P-1. Two types of pyridine molecules are present in crystals of 2C3; pyridine molecules 
which form hydrogen bonds with carboxylic acid moiety (O-H•••N d = 2.569(5) Å) and a 
pyridine molecule positioned between two naphthalene moieties from H2BIPA-DC.  This 
pyridine molecule is disordered with respect to the nitrogen position and is spaced approximately 
3.57 Å apart in a face-to-face motif as shown in Figure 2.15.   
 
 Slow evaporation of a 4 mL DMF solution with dissolved H2BIPA-DC (0.04 mmol, 20 
mg) and 4,4′-bipyridyl (0.04 mmol, 6.2 mg) formed the cocrystal H2BIPA-DC:bipy, 2C4. 2C4 
crystallize in the monoclinic space group P21/c and are formed via solvent drop grinding methods 
as shown in the XRPD (Figure 2.16).  A 1:1 stoichiometric cocrystal between H2BIPA-DC and 
bipy generate zigzag chains (Figure 2.17) sustained by hydrogen bonded supramolecular 
heterosynthons between the carboxylic acid and aromatic nitrogen moieties (OH•••N d = 
2.6461(6) Å).  This value agrees with the mean OH•••N distance equal to 2.65(3) Å for the 
aromatic nitrogen and carboxylic acid hydrogen bonds found for 684 structures in the CSD  that 
 
Figure 2.15 Crystal structure of 2C3 
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exhibit this supramolecular heterosynthons.37  Layers of chain residing on the a-axis stack in 
ABA fashion along the z-axis (Figure 2.17) with C-H moieties in-between layers.  The benzoic 
acid moieties are oriented in a trans fashion with torsion angle of 87.08° with respect to the imide 
plane.  Bipy molecules are planar with respect to the pyridyl moieties and are in close contact 
(~3.63 Å) with bipy molecules in the same layer.      
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Figure 2.16  XRPD calculated for 2C4 (bottom) and experimental DMF grind between 
H2BIPA-DC and bipy (top) 
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 Crystals of HBIPA-DC¯:2HAPY+:DMF, 2C5, are grown by slow evaporation of a 4 mL 
DMF solution containing 20 mg (0.04 mmol) H2BIIPA-DC and 3.7 mg (0.04 mmol)) 2-
aminopyridine.  2C5 crystallize in the monoclinic space group P21/n and form chains as shown in 
Figure 2.18.  2C5 may be prepared in the solid-state by solvent drop grinding using DMF as 
verified from XRPD diffractograms in Figure 2.19.  Chains are formed from hydrogen bonds 
between the HBIPA-DC-1 carboxylic acid moiety and the carboxylate moieties (OH•••O d 
=2.572(3) Å) which run perpendicular to the [10-1] face.  The carboxylate C-O distances of 
1.247(3) Å and 1.281(3) Å are in the range observed for deprotonated carboxylic acids.  
Accordingly, the C-O and C=O distances of 1.324(3) Å and 1.225(3) Å in the carboxylic acid 
moiety are also consistent with expected values in the CSD.38  Both the carboxylic acid and 
carboxylates are oriented in a cis fashion with respect to the diimide moiety and they exhibit 
 
Figure 2.17  Hydrogen bonded chains and layers found in 2C4 
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torsion angles of 71.31° and 73.55°, correspondingly. Charge assisted hydrogen bonds between 
2HAPY+ cations and carboxylate moieties result in the expected R2
2
 (8) (O•••H-N d = 2.839(3) Å 
and 2.704(3) Å).  DMF solvate molecules hydrogen bond to the remaining N-H moiety (N-H•••O 
d = 2.882(3) Å) of 2HAPY+ cation (Figure 2.18). 
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Figure 2.19 Diffractograms of calculated 2C5 and experimental DMF grind 
 
Figure 2.18  Two units in chains of 2C5 
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2.4.3 NTCDA plus 5AIA Condensation and Cocrystal 
 The progression of the reaction between NTCDA and 5AIA are monitored in the DSC 
and TGA thermograms (Figure 2.20).  Dry grinds afford a mixture while DMF grinds form 
cocrystals identified by a color change from yellow to purple (Figure 2.21) and differences in the 
XRPD (Figure 2.22).  Solid-state absorption shows a maximum absorbance centered around 
525 nm, this is characteristic of a charge transfer band between 5AIA and NTCDA as shown in 
Figure 2.23. DSC and TGA note partial condensation taking place at 152°C with a weight loss of 
3% or half of the calculated weight loss for the dry grind.  The DMF grind begins to form the 
product around 83°C with a loss of 5.79% close to the calculated 5.71% and continues to lose 
DMF with further heating.  The diimide product IR differs from the reactants with two carbonyl 
peaks at 1706cm-1 and 1667cm-1 as shown in Figure 2.24.  IR also reveals a mixture for the dry 
grind and a new peaks for the DMF grind from carbonyl peaks at 1774cm-1 and 1736cm-1 and 
amine peaks positioned at 3476cm-1 and 3376cm-1 as shown in Figure 2.25.  Yields greater than 
95% are achieved on 10 mmol batch scale within four hours at 180°C for the DMF grinds.   
 
                 
Figure 2.20 DSCs and TGA plots highlighting the phase transitions and weight loss for 
NTCDA and 5AIA 
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Figure 2.23 UV/Vis of NTCDA and 5AIA DMF grind 
5 10 15 20 25 30 35 40
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
 
N
o
rm
a
liz
ed
 
In
te
n
s
ity
2θ
5AIA
NTCDA
Dry Grind
DMF Grind
 
Figure 2.22 XRPD of 5AIA and NTCDA grinds 
 
Figure 2.21 5AIA, NTCDA, dry grind, DMF grind, and diimide (left to ring) 
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Figure 2.25 IR Spectra of dry and DMF grinds for NTCDA and 5AIA 
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Figure 2.24 IR spectra of NTCDA, 5AIA, and Diimide (top to bottom) 
69
6.
13
75
3.
93
81
1.
71
88
1.
55
94
3.
94
10
30
.
99
11
18
.
31
11
27
.
30
11
57
.
97
12
32
.
36
12
92
.
25
14
37
.
12
15
15
.
05
15
79
.
73
17
63
.
30
NTCDA
 20
 40
 60
 80
%
T
66
4.
25
68
3.
30
74
9.
57
79
7.
54
90
4.
92
10
22
.
96
11
14
.
36
11
44
.
14
12
22
.
73
12
60
.
45
12
85
.
9313
23
.
64
13
99
.
1214
49
.
99
15
46
.
85
15
89
.
31
16
25
.
68
16
91
.
17
19
07
.
89
26
11
.
27
5AIA
 60
 80
 100
%
T
61
4.
59
76
7.
90
90
5.
78
98
5.
39
11
21
.
41
11
64
.
31
12
00
.
88
12
47
.
93
13
50
.
36
14
36
.
37
15
78
.
83
16
67
.
65
17
06
.
04
30
80
.
96
NTCDA 5AIA 180C
 75
 80
 85
 90
 95
%
T
 1000   2000   3000  
Wavenumbers (cm-1)
70 
 
Tetrahedral shaped single crystals (Figure 2.26) of H4BIPA-TC:2bipy 2C6, were isolated 
by dissolving 7.8mg (0.05 mmol) of 4,4′-bipyridine in 1 mL of methanol and layering this 
solution over 2 mL of DMF into which 15 mg (0.025mmol) of the diimide formed between 
NTCDA and 5AIA (H4BIPA-TC) had been dissolved.  2C6 crystallize in the tetragonal space 
group I41/acd.  Hydrogen bonded supramolecular heterosynthons occur between the carboxylic 
acid and pyridyl moieties (O-H•••N d = 2.5794(2) Å) and the resulting 3D net can be described as 
an srs (SrSi2)or dia net depending upon whether H4BIPA-TC is treated as a cross-linked three-
connected node or as a four-connected node, respectively.  The isophthalic acid substituents are 
rotated 72.74° with respect to the diimide plane and twist at a 34.51° angle with respect to each 
other along the nitrogen-nitrogen axis.  The resulting net (Figure 2.26) exhibits 18-fold 
interpenetration which was previously observed in the cocrystal of trimesic acid (tma) and 1,2-
bis(4-pyridyl)ethylene (bipe) in a 2:3 molar stoichiometry.   This is not a coincidence since the 
structure of 2C6 H4BIPA-TC isophthalic acid substituents are linked by a diimide.  This serves 
the same structural function as a bipe linking two carboxylic acid moieties of tma (i.e. cross-
linking of two isophthalic moieties).  Cocrystal of 2C6 can also be prepared in the solid-state 
from solvent drop grinding.  Grinding 0.1 mmol of H4BIPA-TC, 0.2 mmol of Bipy, 10 µL of 
DMF for five minutes produces the cocrystal as shown in XRPD diffractograms (Figure 2.27).  
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2.4.4 BTCDA plus 4ABA Condensation 
 The reaction between BTCDA and 4ABA are followed in the DSC and TGA 
thermograms (Figure 2.28).  The 1:2 stoichiometric ratio dry grind between BTCDA and 4ABA 
afford a cocrystal identified by a color change from white to orange (Figure 2.29).  The color 
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Figure 2.27 Calculated and experimental XRPD for H4BIPA-TC:2Bipy 2C6 cocrystal 
 
Figure 2.26 Hydrogen bonding and short contacts (left) found in crystals of 2C6 with a 
noninterpenetrated hydrogen bonded net (right) 
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change is attributed to a charge transfer band between BTCDA and 4ABA centered around 
463 nm (Figure 2.30) in the solid-state UV-Vis spectra.  The cocrystal has a different XRPD 
diffractograms (Figure 2.32) and an IR spectrum (Error! Reference source not found.Figure 
2.32).  The condensation product forms around 180°C for both the dry and DMF grinds (Error! 
Reference source not found.Figure 2.32).  Extra weight loss of ~7.4% for the dry grind is caused 
from 4ABA or BTCDA subliming as crystals which were observed on the lid of the TGA 
instrument.  The DMF grind proceeds to lose DMF prior to forming the diimide with an 
additional 11% loss accounted by sublimation or evaporation of the reactants.    The IR (Figure 
2.33) indicates the diimide formation after heating from the set of carbonyl peaks at 1785cm-1 and 
1706cm-1.  Yields of 80% were achieved from dry or DMF grinds heated to 180°C in a 10 mmol 
experiment. 
 
              
Figure 2.28 DSC and TGA thermograms for BTCDA and 4ABA grinds 
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Figure 2.30 Solid-state UV/vis if 4ABA and BTCDA neat grind 
 
Figure 2.29 BTCDA, 4ABA, dry grind, and diimide (left to right) 
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Figure 2.32 IR spectra of 4ABA and BTCDA grinds 
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Figure 2.31 XRPD of 4ABA and BTCDA grinds 
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2.4.5 TMA plus 4APY 
The reaction between TMA and 4APY are observed in the DSC and TGA thermograms 
(Figure 2.34).  The dry grind between 4APY and TMA undergoes a phase change around 165°C 
with no observable weight loss.  This phase change is consistent with 4APY melting prior to 
forming a new phase among the reactants as identified by new peaks in the XRPD (Figure 2.35).   
IR spectra indicates that both grinds heated above 250°C form the imide (Figure 2.36) with the 
DMF grind indicated as a possible solvate from XRPD (Figure 2.35) and IR (Figure 2.37).  The 
imide can be synthesized in high yield, 90%, in 10 mmol batch scales obtained from heating the 
dry grind in an oven to 265°C for four hours.   
 
Figure 2.33 IR spectra of BTCDA, 4ABA, and Diimide (top to bottom) 
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Figure 2.35 XRPD for 4APY, TMA, grinds, heated samples, recrystallized imide, and 2C7 
               
Figure 2.34 DSCs and TGA thermograms for TMA and 4APY grinds 
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Figure 2.37 IR spectra of dry and DMF grind for TMA and 4APY 
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Figure 2.36 IR spectra of TMA, 4APY, and imide (top to bottom) 
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The condensation product between TMA and 4APY (HTriNA) is stable up to 350°C and 
crystallizes from hot DMF in the polar monoclinic space group Pc, 2C7.  The pyridyl moiety is 
rotated ~39.4° with respect to the imide plane due to steric effects between the C-H and C=O 
moieties.  HTriNA forms parallel head-to-tail chains via hydrogen bonds between carboxylic acid 
and pyridyl moieties on adjacent molecules (O-H•••N d = 2.648(6)Å) (Figure 2.38).  All chains 
run in the same direction (Figure 2.38) producing polarized crystals that were studied for 
nonlinear optical properties.  Crystals of HTriNA were analyzed for second harmonic generation 
(SHG) using a powder technique modified from Kurtz et al.39  Irradiation at 1064 nm from a 
Nd:YAG laser onto the powderized sample of HTriNA showed SHG comparable with that of 
urea when performed under similar conditions as shown in Figure 2.39. 
  
 
 
Figure 2.38 Hydrogen bonds between pyridyl nitrogen and carboxylic acid (top) and packing 
of HTriNA found in crystals of 2C7 
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2.5 Discussion 
There is a deficiency of structural information concerning supramolecular 
heterosynthons between amines and anhydrides. Indeed, the CSD contains just one 
crystal structure that contains a primary amine and a cyclic acid anhydride in the absence 
of other functional groups that are capable of hydrogen bonding. α-Aminomethylene-
glutaconic anhydride, AMYGLA, packs in a slipped AAA fashion with nitrogen to 
oxygen distances of 2.9176(2) Å or 2.9195(2) Å and 3.2907(3) Å or 3.4501(4) Å for the 
carbonyl and ether oxygen atoms, respectively.  The condensation reaction between 
NTCDA and 2-methyl-4-nitroaniline proceed through a cocrystal that forms hydrogen 
bonds between the amine and carbonyl oxygen (NH•••O d = 3.193(7) Å) and ether 
oxygen (NH•••O d = 3.254(8) Å).  Aromatic stacking interactions between the amine and 
 
Figure 2.39 Second harmonic response from powder samples of 2C7 and urea 
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anhydride are present in both structures.  Hydrogen bonds from the amine and anhydride 
are within the topochemical distance for both structures. The CSD contains 46 unique 
crystal structures with an acid anhydride and at least one second non-solvent molecule.  
Forty-one of the 46 anhydrides possess an attached aromatic moiety of which 41 contain 
aromatic cocrystal formers.  Slipped aromatic stacking is observed in 97.6% or 40 of the 
41 structures containing two individual aromatic moieties displaying slipped aromatic 
stacking interactions in the crystal packing (Appendix).  Aromatic stacking along with 
auxiliary hydrogen bonds may promote the favourable rearrangement between the 
anhydride acceptor and amine donor prior to condensation.  Partial melting causing 
molecular diffusion during the heating cycle can be the stimulus for cocrystal formation 
when unaffected by milling, as identified in the 4APY + TMA scenario.  Additional 
energy is necessary to overcome the activation barrier for condensation in either a 
continual or step-wise process observed from TGA and DSC experiments for the 
remaining reactions. 
These 25 reactions formed the condensation product above the melting point of at-least 
one if not both components.  The reactions where cocrystals formed prior to heating 
proceeded to react at a lower temperature than their mixed counterpart as seen in the 
TGA experiments.  Primary amines were attached to benzoic acid or pyridyl moieties and 
it seem likely that amines attached to other phenyl derivative would proceed similarly.   
2.6 Conclusions 
Crystal engineering offers a route to perform identical reaction in the solid-state, offering 
clean and efficient methods with no disposal or work up after synthesis. The condensation 
reaction between five anhydrides and five amines with auxiliary hydrogen bonding groups form 
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the corresponding imide after heating milled samples.  Four reactions, three mills and one melt, 
proceed via C3S3 in the presence of auxiliary hydrogen bonding without affecting condensation.  
In addition to hydrogen bonding, these acid anhydrides and amines both contain aromatic 
moieties that may influence close contact through aromatic stacking.  Such supramolecular 
interactions seen with these charge transfer complexes and cocrystals in the CSD could 
conceivably be the driving force bringing reactants together in this study.  Carboxylic acid 
moieties on the newly synthesized molecules were shown to participate in hydrogen bonds with 
pyridyl molecules and could equally be used in coordination chemistry. These reactions yielded 
high atom economy and low E-factors making them suitable for scale-up when the need arises.   
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Chapter 3 
Imide Based Metal-Organic Materials 
3.1 Preamble 
In the developing field of metal-organic materials (MOMs), there are a few features 
making these crystalline materials unique and personal in their design.  The choice of ligand will 
in large constitute molecular recognition with target molecules.  As such, ligands contain the 
largest component of surface area and mass in MOMs.  MIL-101 for example, using basic 
chromium acetate molecular building blocks (MBB), (Figure 1.12) with linking terephthalate 
ligands, have a ligand to metal ratio of 1:1 and an approximate mass ratio of 2.7:1.  The relative 
accessible cross sectional areas of terephthalate to chromium are ~155 Å2 to ~10 Å2, creating 
large polyhedral cavities and surface areas between 4000-5500m2/g.1-2  Both the metal and ligand 
can be post-modified through coordinate ligands or covalent synthesis, respectively.  New, non 
commercial ligands, are synthesized much like fine chemicals with similar E-factors around 5-50.  
Solid-state synthesis offers advantages for making ligands by reducing waste, increasing yields, 
and better E-factors.  Of greater importance, is the use of natural products from renewable 
sources having multiple advantages in addressing cost, availability, and safety.  The adaption of 
natural ligands such as amino acids, sugars, catachols, etc., may eventually replace the 
“traditional” synthesized carboxylate and pyridyl based ligands.  Nature has already found use for 
these molecules and if crystal engineer’s working on metal-organics materials would like to 
harness some of these natural processes, it is the obvious future choice for ligands.  
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3.2 Introduction 
 The use of imide based ligands for the synthesis of metal-organic materials is little 
studied and may fuel large scale production when the need arises, as their ease in synthesis is fast 
and clean.  Imides offer multiple assets that can replicate the coordination found in ligands 
possessing pyridyl, carboxylate, imidazol, and other functional moieties attached to the imide 
nitrogen atom.  Imides contain additional carbonyl moieties, adding hydrophilic and hydrogen 
bonding sites.  Rotational freedom around the N-substituted bond adds another level of versatility 
not available in rigid ligands.  The degree of rotation between the imide nitrogen and their 
substitute can be evaluated using the Cambridge Structural Database.3  Since this work studies 
five and six member cyclic imides possessing phenyl or pyridyl substitutes bonded to the nitrogen 
atom as shown in Figure 3.1, the CSD search is limited to these criteria.  The mean torsion angle 
for 5-member cyclic imides with phenyl substitutes equals 62.3°±13.2° from 478 crystal 
structures with a minimum and maximum angle equal to 23.6° and 90°, respectively.  Mean 
torsion angle for 6-member cyclic imides with phenyl substitutes equals 81.5°±7.3° from 239 
crystal structures with a minimum and maximum angle equal to 44.3° and 90°, respectively.  
Nearly 20° higher in torsion angles with smaller deviations are observed for 6-member cyclic 
imides compared with 5-member cyclic imides.  The higher degree of torsion angle is caused 
from greater steric repulsion encountered in the 2,6-position on the phenyl ring to the imide 
carbonyl oxygen atoms which are angled closer in 6-member than 5-member cyclic imides, 
∠NCO mean angle 119.4° vs. 124.3°, respectively.  One route to restrict the torsion angle is to 
increase steric repulsion by replacing the 2,6-positions of phenyl substitutes with non-hydrogen 
atoms.    
86 
 
 
3.3 Dicarboxylate H2BIPA-DC 
The switch from pyridyl based ligands using 4,4′-bipyridyl and its analogs to 
coordinating carboxylate ligands for MOM construction showed extraordinary levels of 
permanent porosity.4-5  Oxalic, malonic, succinic, maleic, terephthalic and isophthalic acid are 
among the simplest diacids that have been used in MOMs.  The use of terephthalate and 
isophthalate ligands saw the emergence of many new structures based on molecular building 
blocks (MBBs) from bidentate bridging carboxylates.  The linearity of terephthalate and MBBs 
led to many important permanently porous materials for gas storage and separations.  The first 
permanently porous carboxylate based metal-organic framework (MOF) was dubbed MOF-2 
using the ubiquitous [M2(carboxylate)4] paddlewheel MBB and terephthalate, forming stacking 
layers of 4,4-nets with porous square channels resulting after evacuation.  MOF-2 can serve as the 
prototype of nearly all linearly dicarboxylate ligands when conditions are found to favor the 
paddlewheel MBB.  Usage of isophthalate ligands was similar to terephthalate, but because the 
angle between carboxylates equals 120°, multiple materials began to develop that share in 
molecular formula but display differences in their connectivity.  These frameworks were known 
as supramolecular isomers which have the same molecular formula but differ in topology.6  From 
 
Figure 3.1 Histograms representing N-phenyl substitutes on 5- and 6-member cyclic imides. 
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square grids, to Kagomé lattices, to discrete nanoballs, the [M2(carboxylate)4] is present in all 
forms, but differences in their connectivity forming either squares of squares, triangle of squares 
or both, lead to different structures.6-9   
The dicarboxylic acid synthesized in Section 2.4.2 between NTCDA and 3ABA is named 
H2BIPA-DC for 3,3'-(1,3,6,8-tetrahydro-1,3,6,8-tetraoxobenzo[lmn][3,8]phenanthroline-2,7-
diyl)bis-benzoic acid.  There are two general conformations for the diacid, trans and cis, 
containing the carboxylic acid moieties on opposite or similar faces of the imide plane, as seen in 
Figure 3.2.  While on opposite (trans) faces, the molecule behaves more like a linear terephthalic 
acid.  It is more like a curved or isophthalic acid when both acids share the same (cis) side.  
Additional rotational freedom around the N-benzoic acid substitute can aid in generating multiple 
structures using similar reactants.  From 1HNMR it appears that both forms are present in solution 
from splitting of the phenyl protons. Transformation between the two forms is feasible if energy 
is supplied to overcome the barrier to rotation.  
 
3.3.1 MOMs built of BIPA-DC trans configuration 
3.3.1.1 M(BIPA-DC)2 square grids 
Conditions favoring the [M2(carboxylate)4] paddlewheel MBB using either zinc or copper 
were examined for MOF-2 analogs or expanded tetragonal sheets (Figure 3.3).  The distance 
between carboxylates (~16.2 Å, dC-C) is ~2.8 times greater than that found in terephthalate (~5.8 
 
Figure 3.2 H2BIPA-DC in trans and cis configuration. 
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Å, dC-C).  Reactions between Zn(NO3)2•6H2O or Cu(NO3)2•2.5H2O and H2BIPA-DC in 1:1 
stoichiometric molar ratios, under various conditions, produces multiple crystalline materials with 
similar topologies.  Single crystals of [M2(BIPA-DC)2(Axial)2•XGuest]n (M = Zn or Cu, Axial 
and Guest = solvent or pyridine like molecules) were grown from either layering or solvothermal 
reactions. Single crystal X-ray diffraction experiments reveal that these structures are expanded 
MOF-2 like tetragonal sheets.  BIPA-DC ligands are in a 1,2-alternate arrangement around the 
paddlewheel MBB with their imide moiety rotated with respect to the benzoate moiety as detailed 
in Table 3.1.  These structures share similar cavity dimensions of ~2 nm in length by width from 
centroid-to-centroid of the [M2(carboxylate)4] paddlewheel MBB in stacking layers.  The cavity 
can be described as rhomboidal with edge length and angles detailed in Table 3.1.  The 
ABA packing of individual sheets creates channels along the a- and c-axis with van der Waals 
dimension of approximately 4.4 Å by 14.4 Å at their widest point (Figure 3.4).  Crystallized 
within these channels and cavities are molecules of THF, THF, DMF + MeOH + H2O, and 
DMF + H2O in structures 3C1, 3C2, 3C3, and 3C4 respectively.  With guest, solvent molecules 
and axial ligands removed the total solvent accessible volume is estimated to be 60%, 60%, 63%, 
and 63% by summing voxels more than 1.2 Å away from the framework using PLATON 
software, respectively.10  Coordination at the axial position of the [M2(carboxylate)4] differ for 
these structures: DMSO (Zn•••O d = 1.991(5) Å), DMSO (Zn•••O d = 1.984(5) Å), H2O (Zn•••O 
d = 1.968(4) Å), and 3,5-lutidine (Cu•••O d = 2.07(1) Å) for structure 3C1-3C4, respectively.   
89 
 
 
 
3.3.1.2 Mn(BIPA-DC)(DMF) square grids 
 Solvothermal condition with Mn(NO3)2•6H2O and H2BIPA-DC in DMF afford single 
crystals of [Mn(BIPA-DC)(DMF)]xDMF, 3C5.  The molecular building block is composed from 
four manganese atoms, two square pyramidal Mn1 and two octahedral Mn2, that connect through 
eight ligands using three types of bridging carboxylates.  Mn1 coordinates using a tetrakis motif 
 
Figure 3.4 Packing found in structures 3C1-3C4 viewed along the a-axis (left) and c-axis 
(right) 
 
Figure 3.3 4,4-nets as viewed perpendicular to the plane 
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from three µ-2 carboxylates and one µ-3 carboxylate oxygen atoms (Mn1•••O davg =2.127(5) Å) .  
Two types of µ-2 carboxylates then coordinate to Mn2; two planar bridging arrangement 
(Mn2•••O davg  = 2.138(6) Å) and an out of plane bridge with Mn2′ (Mn2′•••O d =2.146(5) Å).  
The remaining bridging µ-3 carboxylate oxygen atom coordinates to both Mn2 and Mn2′ 
(Mn2•••O d =2.244(5) Å, Mn2′•••O d =2.282(4) Å).  Each manganese atom is additionally 
coordinated to a molecule of DMF on the exterior of the MBB (Mn•••O, davg = 2.152(5) Å).  This 
MBB can be considered a distorted rectangular prism (Figure 3.5) and is unique in the literature.  
It is similar to two [M2(carboxylate)4] paddlewheel MBBs connected to each sharing the 
carboxylate oxygen atom as the axial ligand.  The distorted rectangular prism MBBs are double 
cross-linked to four additional MBBs through two BIPA-DC ligands generating 4,4-nets or 
tetragonal sheets as shown in Figure 3.5.  The two BIPA-DC linker ligands are spaced far enough 
apart to allow a molecule of DMF to insert.  Rhomboidal shape cavities with MBB centroid-to-
centroid distance of ~20.8 Å by ~21.2 Å stack along the a-axis.  BIPA-DC ligands are in the trans 
configuration with torsion angles listed in Table 3.1 and share close contact with adjacent layers 
through the cyclic imide and benzyl moieties possessing a centroid-to-centroid distance ~3.6 Å.  
Packing from the tetragonal sheets generate channels along the a- and b-axis (Figure 3.6) that are 
similar to the tetragonal sheets seen using the [M2(carboxylate)4] paddlewheel MBBs in structures 
3C1-3C4. 
 This unique MBB along with the high thermal stability of BIPA-DC helps sustain the 
crystals of 3C5 to ~400°C as revealed in the TGA thermogram (Figure 3.7).  The initial weight 
loss of 16.7% can be attributed to the loss of two DMF guest molecules (18.7% calculated) and 
the second weight loss step of 12.5% to the coordinated DMF molecules (11.5% calculated).  
Attempts to render the sample porous for analysis resulted in negligible surface area. 
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Figure 3.7 TGA thermogram for 3C5 
 
Figure 3.6 View along the a- and b-axis for structure 3C5 
 
Figure 3.5 MBB and tetragonal sheet found in structure 3C5 
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Table 3.1 Structural information on Structures 3C1-3C5. 
Compound Cavity Dimensions(Å) 
Torsion Angle of 
BIPA-DC Axial Ligand 
% Free 
Volume 
3C1 19.986x20.442 
68.8° and 111.2° 73.3°, 89.81° DMSO 60 
3C2 19.993x20.413 69.1° 
and 110.9° 89.39°, 73.13° DMSO 60 
3C3 20.412x20.412 
74.0 and 106.0 80.7° H2O 60 
3C4 20.451x20.451 72.55° and 107.4° 82.1° 3,5-lutidine 63 
3C5 
20.797Å 21.192Å 
74.7 and 105.3 
58.39°, 67.1°, 72.87°, 
84.51° DMF 54 
      
3.3.1.3 Zn2(BIPA-DC)3(H2O) anionic honeycomb nets 
 Solvothermal reactions with Zn(NO3)2•6H2O and H2BIPA-DC in the presence of DMSO, 
DABCO, and water produce crystals of [Zn2(BIPA-DC)3(H2O))-2•Zn(DMSO)6+2]•3DMSO, 3C6.  
A 6,3-net or honeycomb framework (Figure 3.8) are the result of a five coordinate zinc ion with 
three BIPA-DC ligands and a water molecule.   Two coordination modes between zinc and 
carboxylates are observed; a chelating carboxylate (Zn•••O d = 1.9638(4) Å, 2.4374(4) Å) and 
two monodentate carboxylates (Zn•••O d = 1.5969(4) Å, 2.0032(3) Å).  The coordinating water 
molecule (Zn•••O d = 2.0068(4) Å) participates in hydrogen bonds with the free oxygen atoms 
from the two monodentate carboxylate ligands (Ow•••Oc d = 2.5972(4) Å, 2.6300(5) Å).  The 6,3-
net is anionic and requires a Zn(DMSO)2
6
 (Zn•••O davg = 6.2453(5)Å) counter ion for every two 
framework metal ions.  The undulating honeycomb framework is (Figure 3.8) caused by the tran 
conformation of BIPA-DC ligands in which the imide moieties are rotated 83.21°, 83.79°, 87.77° 
from the benzoate plane.  Three honeycomb networks come together and interpenetrate in the c-
plane giving the crystal a distinctive hexagonal appearance on the (001) face as shown in Figure 
3.9.  Two sheets come within close contact from their undulating trigonal pyramidal motif in a 
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sextuplet naphthalene embrace from six BIPA-DC ligands.  This cavity is large enough to 
encapsulate six DMSO molecules inside, an approximate volume of 420 Å3. Unfortunately, the 
DMSO molecules are trapped with no windows for guest exchange.   
 
 
3.3.2 MOMs with BIPA-DC Trans Configuration Conclusion 
The trans configuration of BIPA-DC is present when using different transition metals, 
Mn(II), Cu(II), or Zn(II), under various conditions ranging from room temperature layering to 
solvothermal reactions.  This conformation was found to generate 2-periodic structures in the 
 
Figure 3.9 Single crystals of C36 and sextuplet naphthalene embrace from interpenetrating 
6,3-nets (different colors), creating pockets containing trapped DMSO molecules. 
 
Figure 3.8 6,3-net or honeycomb for 3C6 view from the face and side. 
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form of 4,4-nets or square grids and 6,3-nets or honeycomb lattices.  Structures 3C1-3C5 have 
openings large enough to allow a second network to interpenetrate in a perpendicular fashion.  
Favorable non-covalent interactions such as aromatic (π-π or CH-π) and weak hydrogen bonds 
(CH•••O) contributed to forming noninterpenetrated structures.  Different aromatic interactions as 
observed in 3C6 in the form of a sextuplet naphthalene embrace helped sustain the triple 
interpenetration found in the honeycomb network.  X-ray powder diffraction (XRPD) confirms 
the bulk samples as matching the crystal structures, and thermal gravimetric analysis (TGA) 
shows the loss of coordinated and noncoordinated solvent molecules followed by thermal 
decomposition (Appendix).  The ability for 3C1-3C5 to retain porosity after removal of guest 
molecules under vacuum was assessed by a five point Nitrogen B.E.T. measurement.  None of the 
samples measured exhibit meaningful surface area after evacuation of guest molecules.  This may 
be attributed to lattice rearrangement or framework decomposition.  Copper and Zinc were the 
main metals targeted (paddlewheel MBB) towards BIPA-DC and, as such, a greater number of 
structures should be possible using different metal ions that may aid in stability and contribute 
additional properties.        
3.3.3 Experimental Mx(BIPA-DC)y 
The materials in the synthesis were used as received from the chemical manufacturer except 
H2BIPA-DC was used as synthesized in Section 2.4.2. 
3.3.3.1 Synthesis of 3C1, Zn2(BIPA-DC)2(DMSO)2  
A 3 mL methanol solution containing 11.9 mg (0.04 mmol) Zn(NO3)2•6H2O was layered on 
to a blank 1-2 mL methanol solution that was situated atop of a 2 mL DMSO solution containing 
10 mg (0.02 mmol) H2BIPA-DC, 7  µL (0.06 mmol) 3,5-lutidine, and 1 mL of tetrahydrofuran.  
Colorless single crystal grew within 1-2 weeks.  
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3.3.3.2 Synthesis of 3C2, Zn2(BIPA-DC)2(DMSO)2 
A 3 mL methanol solution containing 11.9 mg (0.04 mmol) Zn(NO3)2•6H2O was layered on 
to a 1-2 mL methanol  solution that was situated atop of a 2 mL DMSO solution containing 10 
mg (0.02 mmol) H2BIPA-DC, 7  µL (0.06 mmol) 2,6-lutidine, and 1 mL of tetrahydrofuran.  
Colorless single crystal grew within 1-2 weeks.  
3.3.3.3 Synthesis of 3C3, Zn2(BIPA-DC)2(H2O)2 
A solution with 17.8 mg (0.06 mmol) Zn(NO3)2•6H2O dissolved in 2 mL methanol was 
layered onto a solution containing 30 mg (0.06 mmol) H2BIPA-DC dissolved in 2 mL of DMF 
and left to slowly diffuse for 2-3 weeks upon which time crystals appeared.  
3.3.3.4 Synthesis of 3C4, Cu2(BIPA-DC)2(3,5-lutidine)2 
 A sock solution containing 6.6 mL 70% HNO3 was added to 30 mL of DMF designated 
solution A.  In 1.5 mL of solution A were dissolved 25.3 mg (0.05 mmol) H2BIPA-DC, 28.4µL 
(0.25 mmol) 3,5-lutidine and 0.5 mL of ethanol.  This was added to a 0.5 mL DMF solution 
containing 11.6 mg (0.05 mmol) Cu(NO3)2•2.5H2O. This solution was heated at 105°C for 24 
hours and cooled.   Upon removal from the oven, green plate-like singles crystals large enough 
for single crystal X-ray diffraction experiments were formed.  
3.3.3.5 Synthesis of 3C5, [Mn(BIPA-DC)(DMF)]•xDMF 
A 1 ml DMF solution containing 14.3 mg (0.05 mmol) Mn(NO3)2•6H2O was added to a 1 mL 
DMF solution containing 25 mg (0.05mmol) H2BIPA-DC, 7.8 mg (0.05 mmol) 4,4′-bipyridyl, 
11.6 µL (0.1 mmol) 2,6-lutidine, and 1 mL methanol.  This solution was sealed in a 20 mL 
scintillation vial and heated for 24 hours at 85°C.  Upon removal, crystals of the compound were 
present.   
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3.3.3.6 Synthesis of 3C6, [Zn2(BIPA-DC)3(H2O)+2]•Zn(DMSO)-2•DMSO  
A 4 mL DMSO solution containing 14.8 mg (0.05 mmol) Zn(NO3)2•6H2O, 25.3 mg (0.05 
mmol) H2BIPA-DC, 5.6 mg (0.05 mmol) 1,4-diazabicylco[2.2.2]octane, and 1 mL of water was 
sealed in a 20 mL scintillation vial and heated to 105°C for 24 hours.  After removing the cooled 
vial hexagonal crystals were observed and harvested for single crystal X-ray diffraction 
experiments.   
3.3.4 BIPA-DC cis configuration MOMs 
Methods were explored that favored the cis configuration using BIPA-DC.  This 
conformation from the ligand resulted in structures that possessed a cavity between two ligands 
which shared coordination with the same metal cluster. These cavities are large and surrounded 
by aromatic moieties that can confine molecules as will be discussed.   
3.3.4.1 Discrete macrocycle of [Cd2(BIPA-DC)2(DMF)2(MeOH)•Caffeine] 
The synthesis of [Cd2(BIPA-DC)2(DMF)2(MeOH)•Caffeine], 3C7 forms from slow diffusion 
layering of the reactants at room temperature.  Crystals of 3C7 are discrete nano-cycle container 
MOMs (Figure 3.10) formed from two sets of BIPA-DC ligands whose carboxylates chelate with 
7-coordinate cadmium ions (Cd•••O davg = 2.402(7) Å).   The cadmium ions are additionally 
coordinated to two DMF molecules ((Cd•••O davg = 2.292(7) Å) and a molecule of methanol 
(Cd•••O d = 2.330(7) Å).  This overall coordination leaves a rectangular prism cavity of 
dimensions ~9.88 Å by ~11.23 Å (height by width) between the two ligands.  This space is large 
enough to contain caffeine molecules pack tilted at a 60.2° angle to the naphthalene plane with 
short contacts between caffeine methyl moieties and BIPA-DC aromatic moieties.  Each discrete 
nano-cycle packs half eclipsed with interactions from the aromatic stacking (d ~3.5Å) and weak 
CH•••O interactions (d = 3.2673(6) Å and 3.4629(5) Å).  Channels result and are filled with 
caffeine molecules along the a-axis, as shown in Figure 3.10.  
97 
 
 
Similar synthesis for 3C7 were performed in the presence of nitrobenzene, 1,4-dinitrobenzen, 
or with no guest molecules.  The solid-state UV/Vis absorption for these MOMs differs slight in 
the region between 425 nm and 600 nm as shown in Figure 3.11.   
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Figure 3.11 Solid-state UV/Vis absorption for 3C7 crystallized in the presence of caffeine 
(red), nitrobenzene (blue), 1,4-dinitrobenzene (green) and without guest (black) 
 
Figure 3.10 Discrete structure of 3C7 with caffeine molecule located between BIPA-DC 
ligand and a 3 x 3 x 3 unit cell packing 
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3.3.4.2 Discrete nano-capsule of [Mn4(BIPA-DC)4] 
Crystals of [Mn4(BIPA-DC)4(solvent)x•Xguest], 3C8 were formed at room temperature from 
mixing Mn(C2H3O2)2•4H2O and H2BIPA-DC in a 1:1 molar stoichiometry.  The MBB found in 
3C8 is constructed from two manganese ions, octahedral Mn1 and octahedral Mn2 (Figure 3.12), 
four carboxylates, and solvent molecules filling the metal’s coordination sphere.  Mn1 
coordinates to two µ-2 carboxylates oxygen atoms (Mn1•••O davg = 2.11(1) Å), two monodentate 
carboxylate oxygen atoms (Mn1•••O d = 2.15(1) Å, 2.108(9) Å), a bridging water molecule 
(Mn1•••O d = 2.285(3) Å), and a molecule of water on the interior of the nano-capsule.  Mn2 
coordinates with the bridging water molecule (Mn2•••O d = 2.241(5) Å) that also participates in 
hydrogen bonds with the free oxygen atoms of the monodentate carboxylates (O•••O, d = 
2.63(1) Å, 2.65(1) Å), the remaining oxygen atoms from the µ-2 carboxylates (Mn2•••O, d = 
2.101(9) Å, 2.167(6) Å), and three solvent molecules (two DMF and one methanol). The discrete 
nano-capsule is neutral and possesses a rectangular prism cavity of approximate dimensions 
10.7 Å x 12.3 Å x 12.3 Å, enclosed from four BIPA-DC ligands whose imide moieties rotate 
67.15°, 72.49°, 89.19°, 88.26° with respect to the benzoate moiety as shown in Figure 3.12.  
Nano-capsules pack in the c-plane with interactions from slipped aromatic stacking (Figure 3.12) 
from four additional nano-capsules.  Layers stack along the c-axis with the outer coordinate 
solvent molecule positioned between four nano-capsules in the adjacent layer.   
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3.3.4.3 Chains of [Cd(BIPA-DC)(DMSO)2•guest] 
Crystals of 3C9 [Cd(BIPA-DC)(DMSO)2•nitrobenzene]n, and 3C10 [Cd(BIPA-DC) 
(DMSO)2•caffeine]n are grown after the slow diffusion of Cd(NO3)2•6H2O solution onto a 
H2BIPA-DC solution containing either nitrobenzene or caffeine, respectively (Figure 3.13).  Both 
crystals form chains that run along the c-axis and possess channels down the a-axis that are filled 
with guest molecules as shown in Figure 3.14.  The cadmium metals in 3C9 are 7-coordinate 
from two chelating carboxylates (Cd•••O davg = 2.418(4) Å), a bridging carboxylate oxygen atom 
(Cd′•••O d = 2.319(4) Å), and two coordinating DMSO molecules (Cd•••O, davg =2.280(6) Å). 
The cadmium metals in 3C10 are 7-coodinate from two chelating carboxylates (Cd•••O, davg = 
2.417(7) Å), a bridging carboxylate oxygen atom (Cd′•••O, d = 2.264(6) Å), and two coordinating 
DMSO molecules (Cd•••O, davg =2.279(7) Å).  Adjacent chains along the a-axis in 3C9 and 3C10 
interact from weak hydrogen bonds between the carbonyl oxygen atom and a naphthalene carbon 
(CH•••O, d = 3.03(1) Å, 3.10(1) Å) and (CH•••O, d = 3.235(5) Å, 3.286(5) Å), respectively. 
Layers stak along the b-axis in 3C9 and 3C10 from slipped aromatic stacking interactions spaced 
~3.3 Å to ~3.5 Å and weak hydrogen bonds between the carbonyl oxygen atom and benzoate 
 
Figure 3.12 Discrete nano-capsule of 3C8 and aromatic interaction within layers, hydrogen 
atoms are removed for clarity 
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carbon atom (CH•••O, d = 3.330(7) Å, 3.469(6) Å) and (CH•••O, d = 3.15(1) Å, 3.74(1) Å), 
respectively.  Nitrobenzene guest molecules in 3C9 are oriented perpendicular to the naphthalene 
planes of the ligand which are rotated 65.57° and 66.96° with respect to the benzoate moiety.  
Caffeine guest molecules in 3C10 are roughly oriented parallel to the naphthalene planes of the 
ligand which are rotated 63.56°, 74.20°, 78.71°, and 87.28° with respect to the benzoate moieties. 
 
 
Figure 3.13 Chains of 3C9 and 3C10 with guest molecules nitrobenzene and caffeine, 
respectively from top to bottom 
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3.3.4.4 Charged chains of [Cd(BIPA-DC)2-2•2(N(CH3)2H2)+•xDMSO] 
Crystals of [Cd(BIPA-DC)2-2•2(N(CH3)2H2)+•xDMSO]n, 3C11 form during solvothermal 
reactions using Cd(NO3)2•6H2O and H2BIPA-DC in a 1:1 molar stoichiometric ratio.  Anionic 
chains (Figure 3.15) result from the octahedral coordination around cadmium ions from four 
chelating carboxylates (Cd•••O davg = 2.418(4) Å).  The excess anionic charge is balanced from 
two dimethyl ammonium ions on either side of the metal and form hydrogen bonds with the 
carboxylate oxygen atoms (NH•••O, d = 3.001(7)Å, 3.034(9)Å).   Space between two ligands 
~8.775 Å is occupied by disordered solvent molecules.  The imide moieties are rotated 64.96° and 
65.89° with respect to the benzoate moiety as a result of steric repulsion from the carbonyl moiety 
and benzoate C-H moieties.  Each link in the chains running perpendicular to the (202) face is 
rotated ~76.3° owing to four carboxylate of BIPA-DC ligands chelating around a cadmium ion.  
Chains stack in the c-axis from close contact between aromatic moieties (~3.37 Å) and weak 
 
Figure 3.14 3 x 3 x 3 units cells of 3C9 or 3C10 view along the a-axis, hydrogen atoms and 
guest molecules are removed for clarity 
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hydrogen bonds between the carbonyl oxygen atom and benzoate carbon (O•••HC d = 
3.370(6) Å).  The combination from the two produces an overall channel type framework along 
the b-axis (Figure 3.15). 
 
3.3.4.5 Interpenetrated Bilayer sheets of [Mn(BIPA-DC)(DMSO)2] 
Single crystals of Mn(BIPA-DC)(DMSO)2•DMSO, 3C12 formed during solvothermal 
reactions using Mn(NO3)2•6H2O and H2BIPA-DC in a 1:1 molar stoichiometric ratio from DMSO 
and methanol.  The coordination environment around the manganese ions is similar to that of 
crystals 3C9 and 3C10.  Each manganese ion is coordinated in an octahedral manner from a 
chelating carboxylate (Mn•••O d = 2.259(7) Å, 2.315(6) Å), two bridging carboxylates (Mn•••O d 
= 2.05(6) Å, 2.098(7) Å), and two DMSO molecules (Mn•••O d = 2.174(6) Å, 2.184(6) Å).  This 
 
Figure 3.15 A three link chain of 3C11 and packing viewed along the b-axis with solvent 
molecules removed for clarity 
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manganese MBB is not as flat as observed in 3C9 or 3C10 using cadmium, and as a result, the 
BIPA-DC ligands extending out are distorted from forming chains (Figure 3.16).  Instead bilayers 
of 4,4-nets result that appear similar to 3C9 and 3C10 when viewed along the b-axis. Each 
bilayer experiences 2-fold interpenetration from a second net in the b-axis that is in close contact 
between the naphthalene moieties of BIPA-DC from adjacent nets (closet C•••C d = 3.38(2) Å) 
(Figure 3.17).  Layers stack from slipped aromatic interactions spaced ~3.43 Å apart and possible 
weak hydrogen bonds between the carbonyl oxygen atom and the benzoate carbon atom on 
adjacent BIPA-DC ligands (Figure 3.17).  Cavity space of ~7.8Å by ~13Å is formed from the two 
interpenetrated nets between BIPA-DC ligands in which the imide moiety is rotated 64.88° and 
67.55° with respect to the benzoate moieties.  The channels are filled with disordered solvent 
molecules that occupy 24% of the void space as calculated by PLATAON.10 
 
 
Figure 3.16 BIPA-DC coordination around the manganese MBB in 3C12, hydrogen atoms 
removed for clarity 
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3.3.4.6 Cross-linking chains of [Co(BIPA-DC)(Bipy)] 
Single crystals of Co(BIPA-DC)(Bipy), 3C13 formed during solvothermal reactions using 
Co(NO3)2•6H2O, H2BIPA-DC, and Bipy in DMF and isoproponal.   Similar to coordination 
environments found in 3C9, 3C10, and 3C12, octahedral cobalt ions are coordinated to a 
chelating carboxylate (Co•••O d = 2.074(8) Å, 2.119(9) Å), two bridging carboxylates (Co•••O d 
= 2.048(8) Å, 2.076(7) Å), and two bipy ligands (Co•••N davg = 2.151(7) Å) (Figure 3.18).  The 
chains observed in 3C9 and 3C10 pack through close contact while 3C13 is spaced by the 
bidentate bipy ligand ~11.3Å apart (Co•••Co).  The cavity created between two BIPA-DC ligands 
in the chain are approximately 9.4 Å by 14.2 Å and filled with disorded solvent molecules.  The 
BIPA-DC aromatic moieties are rotated 60.6°, 85.74°, 85.75°, and 66.17° with respect to the 
benzoate moieties.  The bipy pyridyl moieties are rotated 39.66° and 19.65° with respect to each 
other.  Layers stack in a slipped aromatic face to face motif separated ~3.28 Å (Figure 3.19) 
apart.  Solvent molecules occupy 53% of the void space as calculated by PLATAON.10  Attempts 
to prepare samples of 3C13 for porosity measurement after exchanging the mother solvent with 
either methanol or dichloromethane resulted in no measurable surface area after evacuation. 
 
Figure 3.17 Interpenetrated 4,4-nets and packing of layers in 3C12. 
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3.3.4.7 Bilayers of [Cu(BIPA-DC)(DMA)] from paddlewheel MBBs 
Crystals of Cu(BIPA-DC)(DMA)•x(DMA), 3C14 grew from a solvothermal reaction 
containing Cu(NO3)2•2H2O and H2BIPA-DC using N,N′-dimethylacetimide (DMA) in the 
presence of water.  The Cu2(carboxylate)4 paddlewheel MBBs (Cu•••Cu d = 2.6310(5) Å, 
2.6347(5) Å)  are connected with the cis conformation of BIPA-DC to generate a 2-periodic 
 
Figure 3.19 3 x 3 x 3 packing in 3C13 with channels running parallel with bipy 
 
Figure 3.18 MBB and cross-linking from bipy perpendicular to the chain axis in 3C13 
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bilayer MOM .  In contrast to structures 3C1-3C4 containing tetragonal sheets using the same 
building blocks, the cis conformation generates rows of linked MBBs on either face of the bilayer 
perpendicular to each other (Figure 3.20).  These layers are connected in a figure 8 knot like 
arrangement as shown in Figure 3.20.  Each row is spaced ~15.3Å apart allowing the next bilayer 
to interdigitate from above and below on the b-axis.  The interdigitate bilayers interact from weak 
hydrogen bonds from the carbonyl oxygen to the benzoate phenyl carbon atom (CH•••O, d = 
3.16(3) Å).  There are four independent BIPA-DC ligands whose benzoate moieties rotate 69.88°, 
72.58°, 64.04°, 65.93°, 68.37°, 69.29°, 71.82°, 71.43° with respect to the imide moieties.  The 
interdigitation results in minimal free space and attempts to adsorb N2 resulted in no measurable 
uptake. 
 
3.3.5 MOMs with BIPA-DC Cis Configuration Conclusion 
The cis configuration of BIPA-DC is present using different transition metals (Mn(II), Co(II), 
Cu(II), and Cd(II)) under various conditions ranging from room temperature layering to 
solvothermal reactions.  This conformation was found to generate multiple materials that were 
similar in structure owing to the encapsulating ability of two or more BIPA-DC ligands joining 
with the MBBs.  X-ray powder diffraction (XRPD) confirms the bulk samples for these MOMs as 
matching their calculated crystal structures and thermal gravimetric analysis (TGAs) showing the 
loss of guest molecules and coordinated solvent molecules followed by thermal decomposition 
 
Figure 3.20 One bilayer of 3C14  (left) and the figure 8 knot between perpendicular rows. 
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(Appendix).  Guest molecules like caffeine and nitrobenzene were found to crystallize in the 
cavity between two BIPA-DC ligands.  These channels are hydrophobic from the naphthalene 
group and can likely accommodate other hydrophobic or aromatic guests.    
3.3.6 Experimental 
3.3.6.1 Synthesis of 3C7, Cd(BIPA-DC)(DMF)2(MeOH)•(Caffeine) 
In 2 mL DMF were dissolved 15mg (0.03mmol) H2BIPA-DC, 11.6 µL (0.1mmol) 2,6-
lutidine, and 20 mg (0.1 mmol) caffeine and added to a test tube.  Upon this layer was added 1-2 
mL of methanol followed by layering 2 mL of methanol containing 18.5mg (0.06 mmol) 
Cd(NO3)2•6H2O.  This reaction was left to slowly diffuse for two weeks upon which time small 
plate like single crystals suitable for X-ray diffraction were harvested.   
3.3.6.2 Synthesis of 3C8, Mn4(BIPA-DC)4(solvent)x•Xguest  
In 2 mL of DMF were dissolved 30 mg (0.06 mmol) H2BIPA-DC and 11.6 mg (0.06 mmol) 
in a test tube. To this a 2 mL solution containing 14.7 mg (0.06 mmol) Mn(C2H3O2)2•4H2O was 
layered on top of the DMF solution and left to diffuse for one to two weeks upon which time 
small pink crystals suitable for single crystal X-ray diffraction were harvested. 
3.3.6.3 Synthesis of 3C9, Cd(BIPA-DC)(nitrobenzene) 
In 2 mL DMSO were dissolved 15mg (0.03mmol) H2BIPA-DC, 11.6 µL (0.1mmol) 2,6-
lutidine, and 0.5 mL nitrobenzene in a test tube.  Upon this layer was added 1-2 mL of methanol 
followed by layering a 2 mL methanol solution containing 18.5mg (0.06 mmol) Cd(NO3)2•6H2O.  
Light yellow single crystals suitable for X-ray diffraction were harvested after one to two weeks 
of slow diffusion. 
3.3.6.4 Synthesis of 3C10, Cd(BIPA-DC)(Caffeine) 
In 2.5 mL DMSO were dissolved 10mg (0.02mmol) H2BIPA-DC, 8.1 µL (0.07mmol) 2,6-
lutidine, and 19.4 mg (0.01 mmol) caffeine in a test tube.  Upon this layer was added 1-2 mL of 
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methanol followed by layering a 2 mL methanol solution containing 12.3 mg (0.04 mmol) 
Cd(NO3)2•6H2O.  A pale red single crystal suitable for X-ray diffraction was harvested after one 
to two weeks of slow diffusion. 
3.3.6.5 Synthesis of 3C11, Cd(BIPA-DC)2(dimethyl ammonium)2  
To a 20 mL scintillation vial 25.3 mg (0.05 mmol) H2BIPA-DC, 1 mL DMF, 0.4 mL of 
solution A 0.1 mL HMTA (1.4M in H2O), 0.5 mL DMSO and 15.4 mg (0.05mmol) 
Cd(NO3)2•6H2O.  The vial was sealed and heated at 105°C for 24 hours.  After cooling golden 
colored crystals suitable for single crystal X-ray diffraction were harvested.   
3.3.6.6 Synthesis of 3C12, Mn(BIPA-DC)(DMSO) 
In 2 mL DMSO were dissolved 30 mg (0.06mmol) H2BIPA-DC and mixed with a 1 mL 
methanol solution containing 16.1 mg (0.06 mmol) Mn(NO3)2•6H2O.  This mixture was sealed in 
a 20 mL scintillation vial and heated at 115°C for 24 hours.  Upon cooling, light yellow single 
crystals suitable for X-ray diffraction were harvested. 
3.3.6.7 Synthesis of 3C13, Co(BIPA-DC)(Bipy) 
 In 3ml DMF and 1 ml 2-propanol were dissolved 29 mg (0.1 mmol) Co(NO3)2•6H2O, 25.3 
mg (0.05 mmol) H2BIPA-DC, 7.8 mg (0.05 mmol) 4,4′-bipyridyl, and 11.6 µL (0.1 mmol) 2,6-
lutidine in a scintillation vial.  The vial was heated at 85°C for 24 hours and removed after 
cooling, pink parallelepiped crystal were observed and harvested for single crystal X-ray 
diffraction experiments. 
3.3.6.8 Synthesis of 3C14, Cu(BIPA-DC)(DMA)•DMA 
In a 7 mL scintillation vial were added 1.5 ml N,N′-dimethylacetimide (DMA), 10 mg (0.02 
mmol) H2BIPA-DC, 4.6 mg (0.02 mmol) Cu(NO3)2•2.5H20 and 0.45 mL of H2O. The vial was 
sealed and placed in an 85°C oven for 24 hours.  Upon cooling, small green crystals were 
observed and harvested for single crystal X-ray diffraction experiments.  
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3.4 Pyridyl-Carboxylate Ligand TriNA 
 The use of nicotinate and isonicotinate are good candidate ligands to construct MOMs 
with various optical properties from the ligand’s asymmetry.  There are presently 150 nicotinate 
and 490 isonicotinate crystals structures deposited in the Cambridge Structural Database among 
many other similar analogs.3  Nicotinate acid, aka Niacin or vitamin B3, is an essential nutrient 
for metabolism and meets the requirement for a nature made ligand.  The ligand synthesized in 
Section 2.4.5, designated HTriNA for 1,3-dioxo-2-(pyridin-4-yl)isoindoline-5-carboxylic acid, is 
a cross between nicotinic acid and isonicotinic acid.  Similarities shown in Figure 3.21 relate the 
angle and separation between the carboxylic acid and pyridyl moieties.  Isonicotinic acid, 
nicotinic acid, and HTriNA have linear (180°), ~120°, and ~152°  angles with distances of 4.27 
Å, 3.77 Å, and 10.31 Å, between the pyridyl nitrogen and carboxylic acid carbon atom, 
respectively. 
 
3.4.1 Structure Analysis M(TriNA)2 
The reactions of HTriNA with either magnesium (II), cobalt (II), nickel (II), copper (II), zinc 
(II), or cadmium (II) under appropriate conditions gives rise to the self-assembly of 3-periodic 
MOMs of formula [M(TriNA)2(guest)x]n (M = Mn, Co, Ni, Cu, Zn, Cd; guest = DMF, methanol, 
nitrobenzene).  Single crystals suitable for X-ray diffraction were obtained for cadmium, zinc, 
and manganese.  Cd(TriNA)2 (3C15), Zn(TriNA)2 (C316), and Mn(TriNA)2 (C317) crystallize in 
 
 Figure 3.21 Isonicotinic acid, nicotinic acid, and HTriNA 
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the monoclinic space group P21/c with similar cell parameters.  The remaining M(TriNA)2 (M = 
Co, Ni, Cu) MOMs were verified through PXRD diffraction as shown in Figure 3.22. 
 
M(TriNA)2 is composed of MBBs in which each metal coordination sphere is pseudo-
octahedral from three carboxylate ligands, two  bridging and one chelating, and two axial pyridyl 
moieties as shown in Figure 3.23 and detailed in Table 3.2.  The MBBs are connected to eight 
neighboring MBBs by TriNA ligands to generate a body centered cubic net (bcu-net) shown in 
Figure 3.23.  Previously, Evans and Lin use of nicotinate and cadmium (II), produced a similar 
bcu-net Cd(nicotinate)2 with the same MBB.11  The expanded distance between pyridyl and 
carboxylate moieties of TriNA is 2.7 times greater than nicotinate.  The extended length generates 
separate channels along the a-axis as shown in Figure 3.23.  Square channels lined by TriNA’s 
aromatic moieties in a centrosymmetric manner have approximate van der Waals dimensions of 
9.4 Å by 9.4 Å.  The rotation for the pyridyl moiety with respect to the imide plane is given in 
 
Figure 3.22 XRPD of M(TriNA)2 
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Table 3.2.  The channels are filled with solvent molecules that occupy 38% of the void space as 
calculated by PLATAON.   
The M(TriNA)2 series of framework is constructed using six different first row transition 
metals.  This is not uncommon for isostructural frameworks being made from different metal 
ions.  The molecular building block used in this series is present in the six metals already attained 
plus mercury, unused for handling and disposal concerns.  Similar occurrences appear for the 
copper acetate [M2(carboxylate)4] paddlewheel MBB and basic chromium acetate 
[M3(carboxylate)6O] trigonal prism MBB which can be constructed from more than 20 different 
transition metals ions found in the CSD.   The affect the metal may play on the material is of 
considerable importance for sorption, optical, magnetic, and catalytic properties.  Open metal 
sites within MOMs offer increased binding affinity for gases and small molecules, and potential 
catalytic sites.  Enclosed metals within MOMs may also influence the properties of the 
framework for luminescence, magnetism, or sorption.    
 
 
Figure 3.23 Molecular building block and framework for M(TriNA)2 
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Table 3.2 Metal-Ligand distances and Torsion angles found in M(TriNA)2. 
M(TriNA)2 Bridging M•••O Chelateing M•••O M•••N Torsion Angle 
Cd [3C16] 2.290(4) Å 2.370(5) Å 
2.390(4) Å 
2.396(4) Å 
2.274(5) Å 
2.304(5) Å 
34.74° 
37.97° 
Zn [3C17] 2.041(3) Å 2.155(4) Å 
2.276(4) Å 
2.185(3) Å 
2.122(4) Å 
2.116(4) Å 
34.25° 
37.86° 
Mn [3C18] 2.136(4) Å 2.163(5) Å 
2.253(4) Å 
2.321(5) Å 
2.261(5) Å 
2.262(5) Å 
35.40° 
38.30° 
 
3.4.2 Properties of M(TriNA)2 
To assess the thermal stability of the M(TriNA)2 series, each sample was heated under a flow 
of nitrogen while heating at a rate of 10°C per minute from 30°C to over 500°C (Figure 3.24).  
The initial weight loss between 30°C and 200°C may be attributed to loss of solvent on the 
surface of the crystal or within the pores of the network.  While most show decomposition around 
350°C to 400°C the early decomposition from Cu(TriNA)2 of less than 300°C stands out. 
Thermograms help assess the samples prior to sample evacuation and porosity measurements.  
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Figure 3.24 TGA plots for M(TriNA)2 M = Cd black, Cu red, Ni blue, 
Co teal, Zn purple, Mn gold. 
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To assess the properties of permanent porosity and sorption of gases, like nitrogen, argon, and 
hydrogen that may interact with the interior surfaces of the crystal.  The synthesized crystals must 
first be treated through a number of steps to “activate” them for gas sorption measurements.  The 
meaning of “activate” is to remove impurities and unreacted reagents from the product through 
procedures replacing the mother solution (reacted solution) with fresh solvent used for the 
synthesis of the reaction.  Repeating this step several times for a period of two days should ensure 
the analyte is free of impurities.  The second stage to “activation” is to replace higher boiling 
solvents like DMF or DMSO with both lower boiling solvents which also possess low surface 
tension like dichloromethane (DCM).  Repeating this procedure three times daily for three days 
should ensure complete exchange within the porous crystalline material.  After exchange the 
solvent is removed under vacuum at specific temperatures.  Other methods for activation include 
solvent exchange followed by either freeze drying or supercritical drying in attempts to preserve 
the integrity of the porous material.  The M(TriNA)2 samples were washed three time with fresh 
DMF for two days and then exchange three times daily with dichloromethane for a period of three 
days.   
Upon activation (DCM exchange, evacuation up to 50°C), crystalline samples of M(TriNA)2 
(M = Mn, Co, Ni, Cu, Zn, Cd), were investigated for its sorption abilities.  Nitrogen or argon 
multi-point B.E.T (Brunauer-Emmitt-Teller) calculations used to estimate the accessible surface 
area was conducted on a QuatumChrome Instrument NOVA 2000 or QuatumChrome Instrument 
Autosorb-1 at 77 K and 87 K, respectively. The Autosorb-1 was used to determine the sorption of 
molecular hydrogen at 77 K and 87 K.  Five of the six crystalline samples displayed accessible 
surface areas between 917 m2/g and 1154 m2/g, detailed in Table 3.3.  These surface areas are 
close to calculated values for the activated samples.12-13  Cd(TriNA)2 has the lowest value from 
possessing the highest molecular weight as expected.  Hydrogen sorption evaluation at 77 K and 
87 K for M(TriNA)2 (M = Co, Ni, Cu, Cd) to atmospheric pressure (760 torrs), shows  H2 wt% 
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increases in the order Cu < Cd < Ni < Co at 77 K and Cd < Cu < Ni < Co at 87 K.  The nitrogen, 
argon, and hydrogen isotherms are fully reversible with isosteric heats (Qst) averaging 
6.62 kJ/mol at low loading with little decrease to 5.55 kJ/mol at high loading at atmospheric 
pressure.  Attempted activation of Zn(TriNA)2 resulted in no accessible surface area.  Reports of 
pyridyl based MOMs using zinc MBBs have show less or no porosity after activation as 
compared to copper or other metal MBBs.    
Table 3.3 M(TriNA)2 surface area, hydrogen sorption and isosteric heats of sorption. 
M(TriNA)2 Ar or N2* BET (m2/g) 
H2 wt% at 
77K 
H2 wt% at 
87K 
Qst (kJ/mol) 
at low 
loading 
Qst (kJ/mol) 
at high 
loading 
Mn(TriNA)2 1023 N.A. N.A. N.A. N.A. 
Co(TriNA)2 1154 1.52 1.02 6.72 5.98 
Ni(TriNA)2 959 1.32 0.924 6.91 5.71 
Cu(TriNA)2 1005 1.19 0.864 6.52 5.02 
Zn(TriNA)2 N.A. N.A. N.A. N.A. N.A. 
Cd(TriNA)2 917 1.28 0.857 6.32 5.48 
 
 
 
Figure 3.25 H2 wt% and isosteric heats of sorption for Cd(TriNA)2 black squares, Cu(TriNA)2 
red circles, Ni(TriNA)2 blue triangles, Co(TriNA)2 green diamonds. 
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3.4.3 Experimental of M(TriNA)2 
All reagents and solvents were used as received from the manufacturer except the ligand 
HTriNA which was previously synthesized in good yields in Section 2.4.5.  Dichloromethane was 
first distilled and stored over 4 Å molecular sieves in a sealed bottle prior to use.  
 [M(TriNA)2(guest)x]n, was synthesized via a one-pot solvothermal reaction conducted in 
a 50 mL round bottom flask.  In a typical reaction, HTriNA  (0.5 mmol, 164 mg) was added to 30 
mL of DMF while stirring.  The solution continued stirring while the sample was heated between 
100°C and 115°C until HTriNA completely dissolved.  Once dissolved the stir bar was removed 
and a solution containing 0.25 mmol of metal (77 mg Cd(NO3)2•4H2O, 93 mg Zn(ClO4)2•6H2O, 
61 mg Mn(CH3CO2)2•4H2O, 73 mg Co(NO3)2•6H2O, 73 mg Ni(NO3)2•6H2O, 58 mg 
Cu(NO3)2•2.5H2O)  dissolved in 5 mL of DMF was added to the round bottom flask and then 
sealed with a fitted glass joint. To the reaction with zinc and manganese 1.0 mmol of 2,6-lutidine 
or triethylamine was added to the DMF solution with HTriNA, respectively.  The reaction was 
left to stand for 24 hours at 105°C upon which time the samples were collected with 60-75% 
yields.   Upon collection, the reactions using cadimium Cd(TriNA)2(guest)x [3C15], zinc 
Zn(TriNA)2(guest)x [3C16], and manganese  Mn(TriNA)2(guest)x [3C17] gave colorless crystals 
suitable for single crystal X-ray diffraction.  For cobalt, nickel, and copper the crystals were too 
small for single crystal X-ray diffraction but gave well defined X-ray powder patterns. 
3.4.4 Conclusion of M(TriNA)2 
This series of isostructural MOMs built on the bcu topology from eight connected node 
linked through TriNA vary in their MBB metal.  Varying the metal does not appear to affect the 
thermal stability or permanent porosity significantly, except in the case of zinc.   Investigation in 
to the affect the metal may have on the sorption of hydrogen revealed that only the weight percent 
of hydrogen is lowered by heavier metal ions in these materials.  The heats of adsorption of 
hydrogen and the material are relatively stable starting at an average 6.62  kJ/mol and lowering to 
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5.55 kJ/mol from low to high loading (Figure 3.26).  These values are better than MOF-5 at 
similar conditions that possess a B.E.T. surface area of ~3800 m2/g with Qst no higher than 
5.3 kJ/mol at low loading and dropping quickly to van der Waals energy at higher loading.  It is 
also comparable with HKUST-1 in terms of Qst, as HKUST-1 contains open metal sites that 
increase the interaction energy between hydrogen and the sorbent.  The cause for these enhanced 
effects comes from two possible sources in M(TriNA)2 MOMs; i) the relative small pore size, and 
ii) the polarized ligand.  The small pore size means there is less unnecessary space in the MOM 
forcing hydrogen closer to the surfaces which increase the interaction.  The asymmetry of the 
ligand containing a carboxylate and pyridyl moieties on opposite ends give it a net dipole which 
may influence the affect towards the sorption of hydrogen.  As hydrogen solely interacts with the 
ligand, these two sources of contact should be considered in future materials in attempts to store 
hydrogen in MOMs at ambient temperatures and pressures to satisfy the Department of Energy 
goal for on-board hydrogen storage.14   
 
 
Figure 3.26 Relative Qst versus H2 wt% for MOF-5, HKUST-1, and Co(TriNA)2 
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3.5 Tetracarboxylates 
The ligands synthesized in Section 2.4.3 from 5AIA and either NTCDA or BTCDA can be 
considered a cross-linked 1,3-benzendicarboxylic acid (H2bdc).  Since di- and tricarboxylate 
ligands are readily available, the obvious next step would move towards tetra-, penta-, hexa-, and 
higher order multi-carboxylate ligands.  These ligands have extended the realm of MOMs and 
similarly improved property evaluations based on platforms that are of the same design but vary 
in size or recognition sites.    
3.5.1 Ligand to ligand Pillaring 
The pillaring of laminate sheets into 3-periodic materials that contain the [M2(carboxylate)4] 
paddlewheel MBBs can be accomplished using three techniques; i) axial-to-axial, ii) axial-to-
ligand, and iii) ligand-to-ligand as shown schematically in Figure 3.27.  Axial-to-axial pillaring 
requires two types of ligands, either dicarboxylate or multi-carboxylate to form the sheets and a 
bipyridyl-like ligand to pillar via the axial coordination site on the paddlewheel MBB. Axial-to-
axial pillaring is observed to create AAA layers within the crystal lattice.  Axial-to-ligand 
pillaring is a rarely seen phenomena as the ligand must contain both a dicarboxylate and pyridyl 
moiety at adjacent ends.  This can create ABA packing as the pyridyl moiety is generally centered 
between the dicarboxylate moieties.  Ligand-to-ligand pillaring is a commonly employed 
technique to pillar sheets with predictable pore geometries.  Only the ligand-to-ligand strategy 
will allow access to open metal sites after activation, thus allowing for catalysis and increases in 
the Qst with gases when using the [M2(carboxylate)4] paddlewheel MBB.  The other two methods 
require coordination to these metal ions to sustain the structure, resulting in limited efficacy. 
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  The most widely used cross-linked ligand is based on 1,3-benzedicarboxylic acid (H2bdc) 
joined through the 5-position on the isophthalic acid phenyl moiety, as shown in Figure 3.28.  
Various other cross-linked ligands have developed to be either rigid or flexible that can construct 
MOMs with control over topology on the concession of the MBBs.  Two general designs are 
feasible using the ligands shown in Figure 3.29 with the [M2(carboxylate)4] paddlewheel MBB; 
pillared square grids, and pillared Kagomé lattices. Whereas flexible cross-linked bdc ligands 
have seen the development of cross-linked nanoball in to pcu-nets (Section 1.5.5.2). These rigid 
cross-linking ligands cannot facilitate this design.  Most of the rigid cross-linked 1,3-bdc ligands 
are used in two approaches; i) ligand to ligand pillaring and ii) cross-linked cubohemioctahedron 
into fcu-nets.  Both approaches will be discussed here and the following section.  The cross-
linking of bdc’s that show low torsion angles between bdc’s carboxylate moieties under the right 
conditions to generate the [M2(carboxylate)4] paddlewheel MBB can be used to pillar two types 
of layered structures.  Square grids or 4,4-nets assemble where four bdc ligands and four 
paddlewheel MBBs generate SBUs fashioned from squares of square MBBs in one of the four 
calixarene like arrangements (Figure 3.29).  The second approach is the SBU arrangement from 
triangle of square MBBs yielding the Kagomé lattice shown in Figure 3.29.  The final approach 
combines squares of squares and triangle of squares to form the nanoball (small 
 
Figure 3.27  [M2(carboxylate)4] node linked axial-to-axial (green), axial-to-ligand (orange), 
and ligand-to-ligand (dark blue) 
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rhombihexahedron).  These rigid cross-linked bdc ligands are incapable to connect nanoballs and 
would require an additional 3-connected node.  These binodal 3,24-net or rht-nets may also be 
considered a 3,3,4-connected ternary net as discussed in Section 1.5.5.3. 
 
 
 
Figure 3.29 Supramolecular arrangement from square of squares (4,4-net), and triangle of 
squares (Kagomé  lattice) and combination (Nanoball) 
 
Figure 3.28  Cross-linked 1,3-H2bcd used for pillaring square grids or Kagomé lattices 
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3.5.2 Supramolecular isomers of [Cu2(BIPA-TC)]n 
3.5.2.1 Pillaring Kagomé Lattice 
Synthesis between Cu(NO3)2•2.5H2O and H4BIPA-TC in 2:1 stoichiometric molar ratio 
under solvothermal conditions can lead to two supramolecular isomers of [Cu2(BIPA-
TC)•solvent]n. Crystals of [Cu2(BIPA-TC)(H2O)2]n, 3C18 connect vertices of [Cu2(carboyxlate)4] 
paddlewheel MBB (Cu•••Cu davg 2.636(4) Å) forming triangle SBUs that generate the Kagomé 
lattice, that are in turn pillared through ligand-to-ligand cross-linking (Figure 3.30).  Both the 
ligand and MBB can be considered 4-connected nodes generate nbo-nets similar to previous 
cross-linked Kagomé lattices.15-20  There are two types of windows and cavities found in crystal 
of 3C18.   The first set of windows has a small ~5.0 Å in diameter formed from the triangle of 
square paddlewheel MBBs.  These windows lie above and below a cavity surrounded by six 
BIPA-TC ligands that can accommodate an ~12.1 Å diameter sphere (Figure 3.31). A second 
cavity is connected through isosceles triangular windows that open ~12.25Å by ~3.94Å (length 
by width) (Figure 3.31).  This small opening is caused by steric repulsion from the imide carbonyl 
C=O moiety and the C-H isophthalate in the 2,4-position causing rotation of 79.2° and 82.2° 
between these two moieties.  This cavity spans two Kagomé layers, with a length of ~32 Å and 
exhibits an ~9 Å diameter aperture at its widest point (Figure 3.31).      
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Figure 3.30 Pillaring in 3C18 viewed along the b-axis 
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3.5.2.2 Pillaring of Square Grids 
Crystals of [Cu2(BIPA-TC)(3,5-lutidine)2]n, 3C19 are built on the designs of the second 
isomer which connects vertices of the [Cu2(carboxylate)4] paddlewheel MBBs (Cu•••Cu d = 
2.6780(7) Å) in to square of square SBUs in turn forming 4,4-nets.  The isophthalates adopt the 
1,2-alternate calixarene-like conformation that possess ~4.6Å diameter windows.  From this 
calixarene motif, layers stack along the b-axis in an ABA motif (Figure 3.32). Layers are cross-
linked via BIPA-TC ligands fashioning zig-zag channels (Figure 3.33) with dimensions of ~10Å 
by ~13Å, possessing an lvt topology.  The imide moiety is rotated ~80.7° with respect to the 
isophthalate moiety.   
 
Figure 3.31 Cavities surrounded by BIPA-TC ligands in 3C18 
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3.5.2.3 Control over Supramolecular Isomers 
Favorable synthetic conditions such as reaction temperature, concentration, or added guest 
molecules were used to influence one isomer over the other.  It was found that multiple 
conditions would lead to cross-linked 4,4-nets.  At low concentrations 1mM H4BIPA-TC, the 
 
Figure 3.33 Zig-zag channels in 3C19 
 
Figure 3.32 Pillaring layers of 3C19 
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cross-linked Kagomé lattice is favored over the other isomer as verified by X-ray powder 
diffraction (Figure 3.34).   
 
3.5.2.4 Sorption Properties of Cu2(BIPA-TC) Square grids 
Samples of 3C19 were activated for surface area analysis after exchanging DMF with DCM 
followed by evacuation at room temperature (25°C) for 24 hours.  A nitrogen type I adsorption 
isotherm (Figure 3.35) is observed for activated 3C19 which is characteristic of microporous 
adsorbents.  B.E.T specific surface area was evaluated in the relative pressure range of 
0.05<P/Po<0.30.  The B.E.T. plot fitted to the data points has an adjusted R2 equal to 0.99987 and 
a slope equal to 0.00509 (Figure 3.35).   The specific surface area is estimated at ~860m2/g for 
activated 3C19.  The estimated surface area is close to the expected surface area of ~1000m2/g 
form the crystallographic data.  This difference may be attributed to partial framework collapse or 
 
Figure 3.34 XRPD comparing calculated pillared Kagomé lattice and pillared Square grids 
versus the 1mM reaction of H4BIPA-TC with Cu(NO3)2•2.5H2O 
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not fully evacuated solvent molecules.  After heating the sample of 3C19 to 50°C the surface area 
decreased. 
 
 
3.5.3 pH adjustments to H4BIPA-TC reactions 
Adjustments in the pH of the reacting system with H4BIPA-TC and Cu(NO3)2•2.5H2O by 
addition of HNO3 can have a dramatic affect on the carboxylic moieties in forming crystals of 
[Cu(HBIPA-TC)(DMF)(H2O)]n, 3C20.  Of the four carboxylic moieties, two coordinate with 
copper, one remains protonated and the final is deprotonated for HBIPA-TC-3 (Figure 3.36).  
Similar to the tetragonal sheets encountered in structures 3C1-3C4, the carboxylates in the trans 
configuration are joining [Cu2(carboxylate)4] paddlewheel MBBs (Figure 3.36).  The 
HBIPA-TC-3 ligands arrange with the full cone calixarene like conformation and alternate up-
and-down between MBBs generating undulating 4,4-nets (Figure 3.37). The nets stack along the 
a-axis in an ABA motif with a hydrogen bond between the carboxylate and carboxylic acid 
(O•••HO d = 2.4523(3) Å) in the second layer from above and below, generating channels along 
the b-axis (Figure 3.38).  Cavities are formed between two layers from eight HBIPA-TC-3 ligands 
in close contact.  A pyramidal like cavity between two nets of ~15.3Å tall by ~16.2Å wide is 
formed if the axial ligands water and DMF are removed.   
 
Figure 3.35 Nitrogen isotherm for activated sample of 3C19 and B.E.T. plot 
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Figure 3.37 4,4-nets and undulating sheets for 3C20 
 
Figure 3.36 Trans coordination configuration of HBIPA-TC-3 in 3C20 
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3.5.4 Experimental Mx(BIPA-TC)y 
3.5.4.1 Synthesis of 3C18, [Cu2(BIPA-TC)(H2O)2]n kagomé 
A mixture of 34.8 mg (0.15 mmol) Cu(NO3)2•2.5H2O, 27.5 mg (0.052 mmol) H4BIPA-TC in 
1 mL DMF with 1mL chlorobenzene and 0.45 mL HNO3 (3.5M in DMF) was placed in a 20 mL 
scintillation vial. The solution was heated at 1.5°C/min to 85°C for 12 hours, then heated to 
105°C for 23 hours and finally heated to 115°C for 23 hours, before cooling affording green 
single crystals. 
3.5.4.2 Synthesis of 3C19, [[Cu2(BIPA-TC)(3,5-lutidine)2]n square grids 
A mixture of 23.2 mg (0.1 mmol) Cu(NO3)2•2.5H2O, 26.7 mg (0.05 mmol) H4BIPA-TC in 
1 mL DMF with 0.5 mL methanol, 11.3µL (0.1 mmol) 3,5-lutidine, 0.1 mL HMTA (1.4M in 
H2O), and 0.4 mL HNO3 (2.8 M in DMF) heated at 1.5°C/min to 105°C for 24 hours result in 
green single crystals.   
 
Figure 3.38 Packing of 3C20 viewed along the b-axis 
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3.5.4.3 Synthesis of 3C20, [Cu(HBIPA-TC)(DMF)(H2O)]n  
A mixture of 11.6 mg (0.05 mmol) Cu(NO3)2•2.5H2O, 26.7 mg (0.05 mmol) H4BIPA-TC in 1 
mL DMF, 0.1 mL HMTA (1.4M in H2O), and 0.4 mL HNO3 (2.8 M in DMF) heated at 
1.5°C/min to 105°C for 24 hours afforded green single crystals.   
3.5.5 SBBs 
The progression from single metal ion to metal clusters as nodes in metal-organic materials 
witnessed growth in both structure variety and properties.  Metal clusters, also referred to as 
molecular building blocks (MBBs), may form by coordination through bridging ligands and can 
order to form supermolecular building blocks (SBBs).  The SBBs scale increase the node size and 
thus increase the dimensions for the resulting framework.  Restrictions to the resulting framework 
topology such as the connectivity and crystallizing space group provide a higher level of control 
in MOM design.   
3.5.6 Structure Analysis Co2(BIPA-TC)(MeOH)(H2O)4 
At room temperature conditions, layering a methanol solution containing Co(NO3)2•6H2O 
over a DMF solution with H4BIPA-TC in a 2:1 molar stoichiometry and allowing the two 
solutions to diffuse produce large red single crystals of [Co2(BIPA-TC)(MeOH)(H2O)4], C321.   
Crystals of C321 are composed of anionic cubohemioctahedron supermolecular molecular 
building blocks (SBBs) of formula [M6(bdc)12]-12  (M = Co, Ni), that are constructed from 12 
isophthalate moieties using 12 BIPA-TC ligands (Figure 3.39). This cubohemioctahedra is 
12-connected through cross-linking of the bdc ligands at each of the 12 vertices of the SBB 
sustaining a fcu net (Figure 3.39).  The SBB is composed of octahedral metal ions coordinated to 
four carboxylates in the equatorial position (Co•••O davg = 2.069(6) Å), a µ-2 aqua ligand (Co•••O 
d = 2.146(5) Å) and a methanol molecule (Co•••O d = 2.121(5) Å).  The relative angle between 
carboxylates coordination is ~90° which is required to form a cubohemioctahedron.  The aqua 
ligand coordinated outside the polyhedron is shared with a second metal ion to balance the 
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framework charge (Co•••O d = 1.946(7) Å).  Similar results were obtained using Ni(NO3)2•6H2O, 
but poor diffraction resulted only in a unit cell which was similar to the cobalt structure of 3C21. 
The relative spherical volume of the cubohemioctahedron is ~24.4 nm3 and possesses an 
inner cavity with dimension 9.08 Å if one considers the van der Waals cross section between 
adjacent metals.  The linking of cubohemioctahedron SBBs creates two additional cavities, a 
tetrahedron and octahedron generated in all fcu-nets (Figure 3.40).  The tetrahedral cavity is 
encapsulated by four SBBs vertices and six BIPA-TC ligands as edges.  The octahedron cavity is 
compressed and spans an internuclear distance of 32.9 Å at its widest point.  These cavities share 
triangular windows of approximate dimensions 1.2 nm x 1.2 nm x 1.2 nm.   
 
 
Figure 3.39 Cubohemioctahedron SBB and fcu-net for 3C21 
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3.5.7 Properties of Cubohemioctahedron fcu-nets 
 The supramolecular building block found on the cubohemioctahedron contains an additional 
metal ion to neutralize the net charge.  This metal ion is located on the exterior of the SBB and 
may be liable to exchange with other metal ions under the right conditions.  The fcu-net built in 
3C21 with cubohemioctahedron SBBs displays the ability to exchange cations with other metal 
ions.  Crystals of 3C21 and the nickel analog both show exchange with copper (II) and the later 
with cobalt (II) in DMF solutions as observed with solid-state UV/Vis spectroscopy (Figure 
3.41).  Exchanges using nickel analog of 3C21 with copper (II) observes full replacement of 
intra-framework metal ions in 100 hours as followed by atomic adsorption (Figure 3.42) and 
UV/Vis spectroscopy (Figure 3.41).  Due to the lack of diffraction quality from the cation 
exchanged crystals, the placement of the replacing metal could not be established.       
 
Figure 3.40 Octahedral and tetrahedral cavities found in 3C21. 
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3.5.8 Discussion 
Frameworks with fcu topology are no longer novel from the building aspect of using 
cubohemioctahedron supermolecular building blocks.  The first example to appear came from 
using a scaled down version of the BIPA-TC ligand called 3,5,3',5'-Biphenyltetracarboxylate with 
 
Figure 3.42 Atomic absorption monitoring copper (II) exchange with the nickel analog of 
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Figure 3.41 Solid-state UV/Vis for metal ion exchanged cubohemioctahedron 
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cobalt (II) (FEYJID).21   Zirconium based building blocks [Zr6O4(OH)4(CO2)12] with terephthalate 
and expanded ligand analogs also generate the fcu topology that show high thermal stability and 
high accessible surface area.  A different cobalt based building block [Co12(µ-RCO2)12(µ3-
PO4)4(µ3-F)4(µ-H2O)6]4- using phosphate and carboxylates to construct a 12 connected node along 
with terephthalate generates an fcu net.22  The scale of these structures and 3C21 are grand 
compared to a 12-connected metal ion in an isoreticular framework allowing greater access 
within the materials that may serve as host for nano-scale chemistry (confined space).  The cubo 
has been synthesized using trismesate and cobalt as an SBB approach to new nets.   
3.5.9 Synthesis 
3.5.9.1 Synthesis of 3C21, Co2(BIPA-TC)(MeOH)(H2O)4 
Large red single crystals were achieved via layering a 3 mL methanol solution containing 3 
mg (0.0103 mmol) Co(NO3)2•6H2O over a blank 2 ml methanol solution layered above a 3 mL 
DMF solution containing 2.97 mg (0.005 mmol) H4BIPA-TC, 4.46µL (0.04 mmol) 2,6-lutidine, 
and 9.0 mg (0.046 mmol) caffeine in a 10 mL test tube.  The test was sealed with Parafilm and 
left undisturbed to slowly diffuse for two weeks.  
3.5.9.2 Synthesis of Ni2(BIPA-TC)(MeOH)(H2O)4 
Large yellow single crystals were achieved via layering a 3 mL methanol solution containing 
3 mg (0.0103 mmol) Ni(NO3)2•6H2O over a blank 2 ml methanol solution layered above a 3 mL 
DMF solution containing 2.97 mg (0.005 mmol) H4BIPA-TC, 4.46µL (0.04 mmol) 2,6-lutidine, 
and 9.0 mg (0.046 mmol) caffeine in a 10 mL test tube.  The test was sealed with Parafilm and 
left undisturbed to slowly diffuse for two weeks.  
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3.6 Porous Properties in Imide based MOMs 
3.6.1 Catalyst Activity 
The benefit MOMs offer as a solid-state materials for catalysis are multiple with the ease of 
physical separation and recycling among their best attributes.  MOMs are designed for catalysis 
from the judicious choice of the metal and the organic moieties employed, both contributing to 
higher selectivity.  Oxidation reactions using 3C19 as the heterogeneous catalysis were selected 
among the other MOMs because it contained accessible [Cu2(O2CR)4] paddlewheel site in which 
the copper ions may be exposed as catalytic centers.  The as-synthesize 3C19 MOM was 
exchanged with acetonitrile prior to the addition of either benzyl alcohol or cyclohexanol and the 
oxidizing agent H2O2.  Benzyl alcohol oxidizes to either benzaldehyde or benzoic acid while 
cyclohexanol oxidizes to cyclohexanone.  3C19 produced ~5.3% yields of benzaldehyde after one 
hour and ~6.9% after 24 hours at room temperature as shown in Table 3.4.  3C19 produced 
~10.1% of cyclohexanone after 24 hours at room temperature as shown in Table 3.5.  To evaluate 
if the active site was exposed to copper from the [Cu2(O2CR)4] paddlewheel in 3C19 the same 
experiment were performed using copper acetate monohydrate.  Copper acetate monohydrate is 
soluble in acetonitrile and performs similar to 3C19 except the catalysis could not be removed by 
simple filtration.  The amount of MOM or H2O2 did not appear to change the product yield as 
water, decomposition product from H2O2, likely coordinated to the metal site restricting further 
catalysis. 
Table 3.4 Benzyl alcohol oxidation to benzaldehyde 
3C19 (mg) H2O2 (µL) 
1 hour % 
Yields 
Specific Activity  (µmol 
s-1 mmol-1 Cu) 
24 hours % 
Yields 
39 50 4.62 0.084 5.95 
29.2 100 4.56 0.111 7.84 
17.3 200 6.84 0.282 6.99 
Cu2(O2CCH3)4•H2O H2O2 (µL) 
1 hour % 
Yields 
 24 hours % 
Yields 
30 400 5.05 0.0025 4.09 
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Table 3.5 Cyclohexanol oxidation to cyclohexanone  
3C19 (mg) H2O2 (µL) 
1 hour % 
Yields 
Specific Activity  (µmol 
s-1 mmol-1 Cu) 1 hr 
24 hours % 
Yields 
15.6 50 0 0 9.91 
26.2 100 9.46 0.28 10.38 
32 200 10.67 0.25 9.98 
Cu2(O2CCH3)4•H2O H2O2 (µL) 
1 hour % 
Yields 
 24 hours % 
Yields 
30 400 9.53 0.053 9.53 
 
 Specific activity comparing the mmol of copper atoms suggest that more H2O2 increases 
the activity during the oxidation of benzyl alcohol.  Similar activity for the oxidation of 
cyclohexanol is observed.  Two orders magnitude and large is seen as compared using copper 
acetate monohydrate for the control. Experimental results on a similar frameworks with 
[Cu2(O2R)4] paddlewheel MBBs for performing oxidation reactions on cyclohexanol and benzyl 
alcohol detect the copper peroxo complex from X-ray diffraction and Raman spectroscopy.23  
This intermediate is stable and is believed to aid in heterogeneous oxidation catalysis. 
3.6.2 Sequestration 
As porous materials MOMs exhibit the ability to absorb gases after evacuation but can 
equally absorb analyte molecules in solution.  A practical application for such sponge like 
materials would be to sequester toxic molecules from waste streams.  Several MOMs synthesized 
in this dissertation were explored for their ability to absorb caffeine, biphenyl, diisopropyl 
methylphosphonate (DIMP), and 2-chloroethyl ethyl sulfide (2CletetS).  They represent drug 
molecules, environmental toxins, and simulants for pesticides and chemical warfare agents.  The 
MOMs investigated included 3C19, Cu2(BIPRO-TC) an analog of 3C18 where the ligand was 
synthesized between BTCDA and 5AIA, and Co(TriNA)2 the cobalt analog of 3C15. As a 
reference material carbon black was simultaneous evaluated.  Prior to analyte absorption the 
MOMs were exchanged multiple times with dichloromethane and quickly dried.  Carbon black 
was heated to 100°C for 24 hours prior to addition from a standard solution of 1.0 mg/mL analyte 
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in a dichloromethane solution.  Table 3.6 shows the uptake in weight percent for the analytes in 
each material.  The uptakes were generally fast, occurring within the first hour after exposure 
with slightly greater uptake after 24 hours.  The large uptake for each analyte into 3C19 can be 
attributed to the aromatic moieties, carbonyl moieties, and exposed metal sites which may interact 
though aromatic-aromatic interaction, hydrogen bonding and coordinate covalent bond, 
respectively.  Similarly, Cu2(BIPRO-TC) would have the same interactions.  Co(TriNA)2 showed 
no preference towards the uptake of caffeine, biphenyl, or DIMP, minimal uptake of 2CletetS, 
and better uptake of thioanisole.  Carbon black absorbs each analyte except thioanisole which 
may be due to a higher affinity towards dichloromethane.     
Table 3.6 Sequestration of analytes measured in wt% uptake 
Material (best 
wt% uptake) Caffeine Biphenyl DIMP Thioanisole 2CletetS 
3C19 35.5 38.5 20.0 14.1 19.5 
Cu2(BIPRO-TC) 25.2 10.5 3.7 7.9 24.1 
Co(TriNA)2 0 0 0 7.0 3.1 
Carbon Black 15.6 25.2 4.1 0 10.5 
 
3.7 Conclusion 
It was demonstrated that the imides synthesized in Chapter 2 could function as ligands in 
metal-organic materials.  The increase dimensions for these ligands produced similar structures to 
known MOMs while aiding in creating accessible internal space that could function towards gas 
sorption, heterogeneous catalysis, and small molecule encapsulation/sequestration.  The 
isostructural series of M(TriNA)2 MOMs exhibit similar affinity towards hydrogen regardless of 
the transition metal used.  Heterogeneous catalysis is advantageous using MOMs as they are easy 
to separate from the reagents by filtration.    The ability to absorb molecules such as caffeine or 
DIMP may become useful in the reverse fashion, as the slow release of drugs or pesticides may 
be beneficial to reduce and sustain controlled levels in their environment.  The synthesis of these 
136 
 
reported ligands requires little to no solvent and may become attractive if and when the need for 
practical applications for MOMs is developed.  
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Chapter 4 
Conclusions and Future Directions 
4.1 Summary and Conclusion 
This dissertation has shown significant gains which are important to both organic chemistry 
and the field of metal-organic materials (MOMs).  A brief history regarding the significance of 
solid-state organic synthesis, and the role cocrystals contribute, has been outlined in previous 
chapters.  An introduction to MOMs and the principles for using molecular building blocks as 
constructs to design new solid-state materials are delineated along with their distinguishing 
properties.  To summarize, this dissertation has contributed important research in the following 
areas: 
i) Cocrystal controlled solid-state synthesis (C3S3) addressed condensation reactions between 
five amines and five anhydrides with auxiliary hydrogen bonding groups.   Twenty-five 
successful reactions ensued with four identified cocrystals developing prior to the formation of 
the condensation products.   These reactions proceed without solvent, producing water as a 
byproduct, making the reactions clean and without the usual necessary work-up for analysis and 
pursuing reactions.   
ii) The imides were chosen to contain either carboxylic acid or pyridyl moieties making them 
amenable to form hydrogen bonds.  Several cocrystals were formed with one showing a 
remarkable 18-fold interpenetration between H4BIPA-TC and 4,4′-bipyridine. The molecule 
designated HTriNA, containing both pyridyl and carboxylic acid moieties, exhibits head-to-tail 
chains from hydrogen bonds upon crystallizing in the polar space group Pc.  Pulverized crystals 
of HTriNA demonstrated second harmonic generation after irradiation with infrared light.   
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iii) Imides with either a pyridyl and carboxylate moietie are amenable to form coordinate 
covalent bonds with metal ions under various conditions. Two main synthesis conditions were 
explored that yielded techniques to produce multiple MOMs which were characterized by X-ray 
diffraction, spectroscopy, volumetric, and gravimetric techniques.  Room temperature reaction 
from layering conditions may lead to a concentration gradient thus producing multiple products at 
different levels within the reaction test tube.  Reactions performed at elevated temperatures, 
hydrothermal or solvothermal, generally produce one product.  New products depend on 
concentration variation or added guest molecules.   Many of the structures synthesized are 
isoreticular with previously reported MOMs owing to the similarities between ligands.  One 
advantage is the expanded distance between coordinating groups which would facilitate greater 
dimensions between repeat units in an isoreticular approach to MOM self-assembly.  Conditions 
to favor different isostructural frameworks using BIPA-TC were additionally investigated in 
forming either pillared square grids or Kagomé lattices.  It was determined that concentration 
held a significant role than the use of the guest molecules, which may participate as structural 
directing agents.   
iv) Nodal expansion used in the self-assembly of MOMs has satisfactorily increased 
dimensions resulting in greater internal spaces.  Supermolecular building blocks facilitate larger 
frameworks by beginning with nodes on the nano-scale.  The generation of ~2 nm in diameter 
cubohemioctahedron nodes, joining with 12 other nodes through their vertices, generates fcu 
networks using BIPA-TC.  These larger nodes are spaced far enough apart making an octahedral 
cavity that spans nodal distance of ~32.9 Å at its widest point. 
v) Some of these MOMs contained accessible pores which were investigated for properties 
pertaining to guest exchange or encapsulation.  MOMs using BIPA-DC were shown to crystallize 
with different guest molecules contained within their nano-sized porous interior.  Differences in 
their solid-state UV/Vis absorption may prove useful as sensors.  MOMs synthesized using 
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TriNA, BIPRO-TC, and BIPA-TC were able to exchange their content for new guest molecules, 
possessing higher sequestering level than that of activated carbon, for the removal of toxic 
chemicals or drugs. Their stability, while retaining crystallinity after removing guest and solvent 
molecules, allowed the investigation for the sorption of nitrogen, argon, and hydrogen gases. 
Hydrogen adsorption was related to the isostructural series of MOMs using TriNA with different 
metal ion.  The metal used showed no significant differences in the affinity between hydrogen 
and the MOMs.  Their most interesting property may be the chance to use MOMs, which contain 
exposed metal sites, to act as a catalytic center for heterogeneous reactions in which the MOM 
may then be separated by simple filtration.    
4.2 Future Directions 
This is an exciting time in the development of supramolecular chemistry, utilizing 
organic, inorganic and combined hybrid materials. Our growing understanding for controlling 
atoms and molecules will have a profound effect on the future outlook for the world in terms of 
new clean technology and sustainability.  Providing equivalent yields, which are achieved 
through clean and nonhazardous routes should become the norm, not the exception in chemistry.  
Solid-state synthesis is addressing these needs as can be seen with the steady growth in research 
publications.   
For MOMs, the outlook is excellent.  As they pass into their advanced years, the design 
of such modular materials is almost limitless, arising from an almost infinite library of organic 
molecules that can combine with metal moieties.  The judicious choice for ligand selection and  
metal moieties no longer belongs to scientists who were brought up in the field, but new material 
chemist are adapting other techniques to synthesize MOMs, resulting in the rise of MOMs being 
used as coatings, catalysts, sensors, drug delivery systems, with the list continuing to grow.  With 
their new popularity and availability, the commercial sector has begun marketing stable porous 
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MOMs to consumers to compete with current technology using Zeolites, silica, alumina, and 
activated carbon.    
 Keeping with the theme of sustainability and reduced cost, both in time and investment, 
the move towards natural ligands produced by plants and animals may have the greatest future in 
producing new materials that already show promise.  They may exhibit desirable new properties, 
but it is their final disposition, after being depleted, that will make them popular because they 
may be disposed or recycled in an environmentally acceptable and safe manner.  
 Just as the Zeolite industry has achieved success, it is not unreasonable that MOMs by 
2020 could find their place in the world market.  This will come about from the designable 
features, metal and ligands, that can be tailored easier in MOMs than in tailoring Zeolites.  
MOMs for catalysis and separations will be their push for future decades to come.  Separations by 
both size exclusion and moiety affinity can be tailored presynthesitically and examined 
computationally prior to stepping foot in a wet lab.  Heterogeneous catalysis performed in the gas 
phase should be viable as it is known that MOMs can sustain their porous architecture at high 
temperatures and pressures and allow the ingress and egress of molecules.  From either the 
organic or inorganic moieties, catalysis will take on a new frontier of custom synthesis, high 
selectivity, on-stream monitoring, and greater yields. One possibility that has yet to be 
investigated for potential catalytic MOMs would be the doping of MOMs with known catalytic 
metals like platinum and palladium.  These and other metals can be controlled using different 
approaches.  Doping metals that have similar coordination geometries to the framework metal 
may be incorporate as impurities, as mixed metal systems are known to form from previous 
literature.  Other catalytic centers may become trapped and isolated due to framework design.  
Recent results in the scientific literature suggest this as a better route to improve heterogeneous 
catalysis.  The modification of MOMs may show enduring performance placing them at the 
forefront of new technology.    
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Appendix A. DSC, TGA, FT-IR, XRPD, 1H-NMR  for solid-state organic reactions 
Appendix A1 Experimental data for NTCDA+3APYDSC and TGA thermograms, FT-IR 
spectra, X-ray diffractogram of ground and heated materials and 1HNMR imide. 
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Dry grind and DMF grind of NTCDA and 3APY. 
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Appendix A2 Experimental data for NTCDA+4ABA 
DSC and TGA thermograms, FT-IR spectra, X-ray diffractogram of ground and heated materials. 
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Appendix A3 Experimental data for BTCDA+3APY 
DSC and TGA thermograms, FT-IR spectra, X-ray diffractogram of ground and heated materials 
and 1HNMR imide. 
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Dry and DMF grinds for BTCDA and 3APY. 
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 Diimide from BTCDA and 3APY 1H NMR(CD3)2SO, 300MHz, 298K δ = 8.768 (ds J = 
0.005, 2H); 8.69 (dd J =0.02, 0.005, 2 H);  8.48 (s, 2H); 8.00 (dt, J= 0.035, 0.005, 2H);  7.66 
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Appendix A4 Experimental data for BTCDA+4APY 
DSC and TGA thermograms, FT-IR spectra, X-ray diffractogram of ground and heated materials 
and 1HNMR imide. 
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4APY and BTCDA grinds. 
Dry and DMF grinds of BTCDA and 4APY. 
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Diimide from BTCDA+4ABPY  1H NMR(CD3)2SO, 300MHz, 298K: δ = 8.74-8.83 (dd, 4H); 
8.49 (s, 2H); 7.59-7.68 (dd, 4H)  
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Appendix A5 Experimental data for BTCDA+3ABA 
DSC and TGA thermograms, FT-IR spectra, X-ray diffractogram of ground and heated materials 
and 1HNMR imide. 
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Diimide from NTCDA+3ABA 1H NMR(CD3)2SO, 300MHz, 298K: δ = 8.76 (2H); 8.56 
(2H); 8.32 (2H); 8.11 (2H); 7.61(2H)  
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Appendix A6 Experimental data for BTCDA+5AIA 
DSC and TGA thermograms, FT-IR spectra, X-ray diffractogram of ground and heated materials 
and 1HNMR imide. 
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Diimide from BTCDA+5AIA 1H NMR(CD3)2SO, 300MHz, 298K: δ = 8.55 (s, 2H); 8.43 (s, 
2H); 8.37 (s, 4H)  
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Appendix A7 Experimental data for TMA+3APY 
DSC and TGA thermograms, FT-IR spectra, X-ray diffractogram of ground and heated materials 
and 1HNMR imide. 
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3APY and TMA grinds. 
Dry and DMF grinds of TMA and 3APY. 
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Imide form TMA+3APY 1H NMR(CD3)2SO, 300MHz, 298K: δ = 8.69 (ds, J = 0.005 1H); 
8.64 (dd, J = 0.01, 0.003, 1H); 8.44 (dd, J = 0.013, 0.003, 1H); 8.34 (s 1H); 8.11 (ds, J = 0.01, 
1H); 7.94 (dt, J = 0.02, 0.006, 1H); 7.61 (dd, J = 0.01, 0.001, 1H)  
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Appendix A8 Experimental data for TMA+3ABA 
DSC and TGA thermograms, FT-IR spectra, X-ray diffractogram of ground and heated materials 
and 1HNMR imide. 
 
 
 TMA, 3ABA, and imide with unreacted TMA (top to bottom). 
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3ABA and TMA grinds 
Dry and DMF grinds for TMA and 3ABA. 
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Imide from TMA+3ABA 1H NMR(CD3)2SO, 300MHz, 298K: δ = 13.39 (s, 2H); 8.43 (ds, J 
= 0.02, 1H); 8.32 (s, 1H); 7.98-8.14 (m, 3H); 7.63-7.78 (m, 2H)  
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Appendix A9 Experimental data for TMA+4ABA 
DSC and TGA thermograms, FT-IR spectra, X-ray diffractogram of ground and heated materials 
and 1HNMR imide. 
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Figure 2.75. XRPD for 4ABA and TMA grinds 
Dry and DMF grinds for TMA and 4ABA. 
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Imide from TMA+4ABA 1H NMR(CD3)2SO, 300MHz, 298K: δ = 13.49 (s, 2H); 8.43 (d, 
1H); 8.32 (s, 1H); 8.02-8.18 (3H); 7.63 (d, 2H)  
168 
 
Appendix A10 Experimental data for TMA+5AIA 
DSC and TGA thermograms, FT-IR spectra, X-ray diffractogram of ground and heated materials 
and 1HNMR imide. 
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5AIA and TMA grinds. 
Dry and DMF grind for TMA and 5AIA. 
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Imide from TMa+5AIA 1H NMR(CD3)2SO, 300MHz, 298K: δ = 13.52 (s, 3H); 8.52 (s, 1H), 
8.43 (ds, J = 0.02, 1H); 8.30-8.33 (m, 3H); 8.11 (ds, J = 0.02, 1H) DMF at 7.95ppm  
171 
 
Appendix A11 Experimental data for BPODA+3APY 
DSC and TGA thermograms, FT-IR spectra, X-ray diffractogram of ground and heated materials 
and 1HNMR imide. 
 
 
 BPODA, 3APY and Diimide (top to bottom). 
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3APY and BPODA grinds 
Dry and DMF grind for BPODA and 3APY. 
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Diimide from BPDOD+3APY 1H NMR(CD3)2SO, 300MHz, 298K: δ = 8.73 (ds J = 0.004, 
2H); 8.67 (dd J =0.01, 0.005, 2 H);  8.32-8.21 (s, d, d, 6H); 7.96 (dt, J= 0.035, 0.01, 2H);  7.64 
(dd, J = 0.023, 0.02, 2H). 
174 
 
Appendix A12 Experimental data for BPODA+4APY 
DSC and TGA thermograms, FT-IR spectra, X-ray diffractogram of ground and heated materials 
and 1HNMR imide. 
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Figure 2.87. XRPD for 4ABA and BPODA grinds. 
Dry and DMF grind for BPODA and 4APY. 
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Diimide from BPODA+4APY 1H NMR(CD3)2SO, 300MHz, 298K: δ = 8.77 (d, 4H); 8.29, 
8.25, 8.21 (6H); 7.62 (d, 4H)  
177 
 
Appendix A13 Experimental data for BPODA+3ABA 
DSC and TGA thermograms, FT-IR spectra, X-ray diffractogram of ground and heated materials 
and 1HNMR imide. 
 
 
 BPODA, 3ABA, and Diimide (top to bottom). 
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Diimide from BPODA+3ABA 1H NMR(CD3)2SO, 300MHz, 298K: δ = 13.22 (s, 2H); 8.00-
8.33 (m, 10H); 7.64-7.81 (m, 4H)  
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Appendix A14 Experimental data for BPODA+4ABA 
DSC and TGA thermograms, FT-IR spectra, X-ray diffractogram of ground and heated materials 
and 1HNMR imide. 
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4ABA and BPODA grinds. 
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Diimide BPODA+4ABA 1H NMR(CD3)2SO, 300MHz, 298K: δ = 12.89 (s, 2H); 7.85-8.10 
(m, 10H); 7.42 (d, 4H)  
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Appendix A15 Experimental data for BPODA+5AIA 
DSC and TGA thermograms, FT-IR spectra, X-ray diffractogram of ground and heated materials 
and 1HNMR imide. 
 
 
 
BPODA, 5AIA, and Diimide (top to bottom) 
60
5.
13
64
6.
09
67
8.
18
68
7.
24
71
0.
74
73
6.
237
71
.
43
79
8.
95
81
7.
74
88
6.
28
91
4.
03
10
70
.
71
11
07
.
19
11
59
.
40
12
27
.
10
12
62
.
17
13
42
.
86
16
66
.
76
17
74
.
40
18
54
.
71
BPODA
 50
 60
 70
 80
 90
%
T
66
4.
25
68
3.
30
74
9.
57
79
7.
54
90
4.
92
10
22
.
96
11
14
.
36
11
44
.
14
12
22
.
73
12
60
.
45
12
85
.
9313
23
.
64
13
99
.
1214
49
.
99
15
46
.
85
15
89
.
31
16
25
.
68
16
91
.
17
19
07
.
89
26
11
.
27
5AIA
 60
 80
 100
%
T
64
0.
54
66
2.
17
68
1.
33
71
2.
54
73
6.
43
75
6.
1086
8.
14
91
1.
39
97
0.
97
11
00
.
86
12
12
.
83
12
47
.
21
12
98
.
28
13
81
.
27
14
21
.
07
15
96
.
71
16
69
.
05
17
19
.
43
17
74
.
96
BPODA 5AIA 240C washed MeCN MeOH
 60
 70
 80
 90
 100
%
T
 1000   2000   3000  
Wavenumbers (cm-1)
                  
50 100 150 200 250 300 350
-14
-12
-10
-8
 
He
at
 
Fl
o
w
 
(W
/g
)
Temperature (oC)
BPODA 5AIA dry grind
151.2
205.8
302.2
50 100 150 200 250 300
-20
-15
 
H
e
at
 
Fl
o
w
 
(W
/g
)
Temperature (oC)
BPODA 5AIA DMF grind
161.3
178.3
184 
 
 
 
5 10 15 20 25 30 35 40
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
 
 
N
o
rm
a
liz
ed
 
In
te
n
si
ty
2θ
5AIA
BPODA
Dry Grind
DMF Grind
 
 5AIA and BPODA grinds. 
Dry and DMF grinds for BPODA and 5AIA. 
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Diimide from BPODA+5AIA 1H NMR(CD3)2SO, 300MHz, 298K: δ = 13.52 (s, 4H); 8.53 (s, 
2H); 8.17-8.37 (m, 10H)  
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Appendix A16 Experimental data for BPTDA+3APY 
DSC and TGA thermograms, FT-IR spectra, X-ray diffractogram of ground and heated materials 
and 1HNMR imide. 
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3APY and BPTDA grinds. 
Dry and DMF grinds for BPTCDA and 3APY. 
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Diimide from BPTDA+3APY 1H NMR(CD3)2SO, 300MHz, 298K: δ = 8.74 (dd, J = 0.01, 
2H); 8.67 (dd, J = 0.01, 0.002, 2H); 8.52 (s, 2H); 8.45 (dd, J = 0.02, 0.002, 2H); 8.16 (ds, J = 
0.017, 2H); 7.98 (dt, J = 0.02, 0.007, 2H); 7.64 (dd, J = 0.012, 0.007, 2H)  
189 
 
Appendix A17 Experimental data for BPTDA+4APY 
DSC and TGA thermograms, FT-IR spectra, X-ray diffractogram of ground and heated materials 
and 1HNMR imide. 
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Diimide from BPTDA+4APY 1H NMR(CD3)2SO, 300MHz, 298K: δ = 8.77 (s, 2H); 8.42-
8.59 (m, 2H); 8.27-8.35 (m, 2H); 8.01-8.19 (m, 3H), 7.94 (s, 1H); 7.63 (d, 2H); 6.77 (d, 2H)  
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Appendix A18 Experimental data for BPTDA+3ABA 
DSC and TGA thermograms, FT-IR spectra, X-ray diffractogram of ground and heated materials 
and 1HNMR imide. 
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3ABA and BPTDA grinds. 
Dry and DMF grinds for BPTDA and 3ABA. 
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Diimide from BPTDA+3ABA 1H NMR(CD3)2SO, 300MHz, 298K: δ = 13.25 (s, 2H); 8.40-
8.47 (m, 4H); 8.01-8.14(m, 6H); 7.66-7.79 (m, 4H)  
195 
 
Appendix A19 Experimental data for BPTDA+4ABA 
DSC and TGA thermograms, FT-IR spectra, X-ray diffractogram of ground and heated materials 
and 1HNMR imide. 
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Appendix A20 Experimental data for BPTDA+5AIA 
DSC and TGA thermograms, FT-IR spectra, X-ray diffractogram of ground and heated materials 
and 1HNMR imide. 
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Appendix A21 Table Anydride and aromatic conformer cocrystals 
REFCODE 
# 
Chemical 
Units 
Chemicals 
Distances 
Centroid-to-
Centroid (Å) 
ANTPML 2 Anthracene, pyromellitic dianhydride 3.454, 3.562, 3.652 
ANTPML01 2 Anthracene, pyromellitic dianhydride 3.529, 3.549 
BECNUS02 2 Phenazine, 
 pyromellitic dianhydride 3.595, 4.88, 4.912 
BIWVUY 2 Acridine, 
 pyromellitic dianhydride 3.659, 4.91, 4.932 
BIYBIU10 2 Phenothiazine, pyromellitic dianhydride 3.536, 3.794 
BZANTC10 2 
Dibenz[a,h]anthracene, 
 1,4,5,8-naphthalenetetracarboxylic 
anhydride 
3.644, 3.684, 4.179, 
4.297, 4.599, 4,83, 
4.931, 4.991 
BZAPMA10 2 Dibenz[a,h]anthracene, 
 pyromellitic dianhydride 
3.553, 3.654, 3.679, 
3.742, 4.474, 4,687, 
4.789, 4.908, 4.919 
DIBTUE 2 
1,4,5,8-Naphthalenetetracarboxylic 
dianhydride, 
 bis(2-methyl-4-nitroaniline) 
3.681, 3.709, 4.271 
DNPCPH 2 Octadeutero-naphthalene, tetrachlorophthalic anhydride 
3.475, 3.508, 3.648, 
3.657 
DURZAR 2 Biphenylene, 
 Pyromellitic dianhydride 3.819, 4.408 
DURZAR01 2 Biphenylene, 
 Pyromellitic dianhydride 4.321, 4.8 
EHESUF 2 4,5-Dibromophthalic anhydride, pyrene 
3.571, 3.69, 3.707, 
3.729, 3.919, 4.006, 
4.596, 4.784 
FILHEN 2 Pyromellitic dianhydride, 
 9,10-dibromoanthracene 3.567, 3.57, 4.982 
FILHIR 2 Pyromellitic dianhydride, 
 chrysene 
3.653, 3.726, 4.377, 
4.892 
FILHOX 2 Pyromellitic dianhydride, 
 tetracene 3.563, 3.589, 4.947 
FOZHAD 2 Phenanthrene, 
 tetrachlorophthalic anhydride 
3.538, 3.577, 3.578, 
3.614, 4.679, 4.795 
KIQZOZ 2 Mellitic trianhydride, 
 triphenylene 
3.448, 3.536, 3.601, 
3.712, 4.462, 4.476, 
4.597 
KIQZUF 2 Mellitic trianhydride, 9,10-dimethylanthracene 
3.45, 3.515, 3.526, 
3.568 
NAPYMA 2 Naphthalene, pyromellitic dianhydride 3.828 
NAPYMA01 2 Naphthalene, pyromellitic dianhydride 3.585, 3.684 
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NAPYMA12 2 Naphthalene, pyromellitic dianhydride 
3.66, 3.721, 3.834, 
4.925 
PENPYM 2 Pyromellitic dianhydride, phenanthrene 3.588, 3.588, 3.637, 3.678, 4.538, 4.621 
PERPML 2 Perylene, pyromellitic dianhydride 
3.58, 3.589, 3.66, 
4.95, 4.999 
PERPML01 2 Perylene, pyromellitic dianhydride 
3.591, 3.592, 3.687, 
4.929 
PTZPMA 2 Phenothiazine, pyromellitic dianhydride 3.596, 3.859, 4.643 
PUHFAA 2 
1,3-Dioxo-1H,3H-benzo[de]isochromene-
6,7-dicarboxylic acid, 
 4,4'-bipyridine 
3.774, 3.881 
PYMAST 2 Pyromellitic dianhydride, trans-stilbene 4.102, 4.787 
PYRPMA01 2 Pyrene, pyromellitic dianhydride 
3.571, 3.628, 4.101, 
4.812 
PYRPMA02 2 Pyrene, pyromellitic dianhydride 
3.552, 3.615, 4.075, 
4.791 
PYRPMA04 2 Pyrene, pyromellitic dianhydride 
3.494, 3.54, 3.553, 
3.566, 3.907, 4.208, 
4.645, 4.89 
WEXKEP 2 Pyromellitic dianhydride, bis(N-methyl-3,6-dibromocarbazole) 3.808, 3.845, 4.906 
PYRPMA10 2 Pyrene, pyromellitic dianhydride 
3.478, 3.516, 3.529, 
3.546, 3.938, 4.185, 
4.65, 4.838 
RIKYOZ 2 Thianthrene, 
 pyromellitic dianhydride 
3.51, 3.669, 3.916, 
4.783 
RUYWIR 2 
bis(10,12,21,23-Tetrahydro-naphtho(2''',3'''-
2'',3'')(1,4)dioxocino(6'',7''-4',5')benzo(1',2'-
6,7)(1,4)dioxocino(2,3-l)phenanthrene), 
pyromellitic dianhydride 
3.61, 3.614, 3.666, 
3.678, 3.771, 3.928, 
4.082, 4.477, 4.526, 
4.902, 4.964 
SAPYEO 2 N-Carboxy-(R)-phenylalanine anhydride, 
 3-(2-thienyl)alanine N-carboxyanhydride 4.949 
VARKEE10 3 
bis(2,5-Dihydro-4a,6a-phenanthrolene 
dionium), 
 1,4,5,8-naphthalene tetracarboxylic 
dianhydride 
3.368, 3.542, 3.592, 
3.845, 3.954, 4.009, 
4.09, 4.11, 4.215 
VILFIF 2 Pyromellitic dianhydride, 
 bis(3,6-dibromocarbazole) 3.618, 4.757, 4.813 
WABWEB 2 
1,4,5,8-Naphthalenetetracarboxylic acid 
dianhydride, 
 anthracene 
3.864, 3.803, 3.98 
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Appendix B. XRPD and TGA for Metal-organic materials 
Appendix B1 XRPD and TGA for 3C3 
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Appendix B2 XRPD and TGA for 3C5 
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Appendix B3 XRPD and TGA for 3C7 
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Appendix B4 XRPD and TGA for 3C8 
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Appendix B5 XRPD and TGA for 3C9 
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Appendix B6 XRPD and TGA for 3C11 
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Appendix B7 TGA for 3C12 
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Appendix B8 XRPD and TGA for 3C13 
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Appendix B9 XRPD and TGA for 3C14 
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Appendix C. Crystal data and structure refinement for select compounds 
Appendix C1 Crystal data and structure refinement for compounds 2C1-2C4 
 2C1 2C2 2C3 2C4 
Formula C14 H12 N2 O3 S C32 H26 N2 O12 C42 H24 N5 O8 C38 H22 N4 O8 
Formula weight 288.32 630.55 726.66 662.60 
Temperature (K) 100(2) 100(2) 100(2) 100(2) 
Wavelength (Å) 0.71073 0.71073 0.71073 0.71073 
Crystal System Monoclinic Triclinic Triclinic Monoclinic 
Space group P2(1)/c P-1 P-1 P2(1)/c 
a, Å 5.1250(10) 7.006(2) 7.1569(14) 4.7792(15) 
b, Å 12.984(3) 9.990(3) 8.1962(17) 22.730(7) 
c, Å 19.497(4) 10.190(4) 15.448(3) 13.921(4) 
α, deg  90 83.081(7) 98.287(4) 90 
β, deg 93.456(4) 81.603(7) 102.202(4) 96.789(9) 
γ, deg 90 76.866(8) 96.564(4) 90 
Volume (Å3) 1295.1(5) 684.2(4) 866.6(3) 1501.6(8) 
Z 4 1 1 2 
ρcalc (Mg/m3) 1.479 1.530 1.392 1.465 
Abs.coeff. 0.259 mm-1 0.119 mm-1 0.099 mm-1 0.105 mm-1 
F(000) 600 328 375 684 
Crystal size 
(mm3) 
0.40 x 0.05 x 
0.05 
0.30 x 0.09 x 
0.07 
0.30 x 0.20 x 
0.10 
0.60 x 0.08 x 
0.07 
Theta range (deg) 1.89 to 25.35 2.03 to 25.02 1.37 to 25.09 1.72 to 22.50 
Limiting Index 
ranges 
-6<=h<=6, 
 -15<=k<=12, 
 -23<=l<=22 
-8<=h<=4,  
-6<=k<=11, 
 -11<=l<=12 
-8<=h<=7, 
 -9<=k<=8,  
-12<=l<=18 
-5<=h<=5,  
-10<=k<=24,  
-10<=l<=14 
Reflections  6499  2810 3645 2788 
Independent 
reflections 
2362  
[R(int) = 0.0381] 
2188  
[R(int) =0.0207] 
2852  
[R(int) =0.0243] 
1759  
[R(int) = 0.0865] 
Completeness to θ 25.35°     99.7 % 25.02°     90.8% 25.09°     91.9 % 22.50°     90.0% 
Absorption 
correction 
Multi-scan Multi-scan Multi-scan Multi-scan 
Max. and min. 
transmission 
0.9872 and 
0.9036 
1.000 and 0.088 1.000 and 0.345 1.000 and 0.060 
Refinement 
method 
Full-matrix least-
squares on F2 
Full-matrix 
least-squares on 
F2 
Full-matrix 
least-squares on 
F2 
Full-matrix least-
squares on F2 
Data / rest. / par. 2362 / 0 / 181 2188 / 0 / 209 2852 / 0 / 254 1759 / 0 / 226 
GOOF on F2 1.161 1.047 1.018 1.177 
Final R indices 
[I>2sigma(I)] 
R1 = 0.0630,  
wR2 = 0.1315 
R1 = 0.0677, 
 wR2 = 0.1546 
R1 = 0.0869,  
wR2 = 0.2019 
R1 = 0.1283, 
wR2 = 0.2376 
R indices (all 
data) 
R1 = 0.0785, 
 wR2 = 0.1381 
R1 = 0.0959, 
wR2 = 0.1744 
R1 = 0.1282,  
wR2 = 0.2323 
R1 = 0.1919, 
wR2 = 0.2627 
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Appendix C2 Crystal data and structure refinement for compounds 2C5-2C7 and 3C1. 
 2C5 2C6 2C7 3C1 
Empirical Formula C36 H27 N5 O9 C12.5 H7.5 N1.5 O3 C14 H8 N2 O4 C32 H25 N2 O10 S 
Zn 
Formula weight 673.63 226.70 268.22 694.97 
Temperature (K) 100(2) 100(2) 100(2) 100(2) K 
Wavelength (Å) 0.71073 0.71073 1.54178 0.71073 A 
Crystal System Monoclinic Tetragonal Monoclinic Triclinic 
Space group P2(1)/n I4(1)/acd Pc P-1 
a, Å 12.200(3) 17.0804(19) 13.053(5) 12.2628(17) 
b, Å 19.590(4) 17.0804(19) 6.321(3) 12.5320(18) 
c, Å 14.719(3) 28.498(6) 7.450(3) 17.501(2) 
α, deg  90 90 90 81.623(2) 
β, deg 94.377(4) 90 98.47(2) 72.177(2) 
γ, deg 90 90 90 65.316(2) 
Volume (Å3) 3507.3(13) 8314(2) 608.0(4) 2326.0(6) 
Z 4 32 2 2 
ρcalc (Mg/m3) 1.276 1.449 1.465 0.992 
Abs.coeff. 0.094 mm-1 0.106 mm-1 0.930 mm-1 0.614 mm-1 
F(000) 1400 3744 276 714 
Crystal size (mm3) 0.30 x 0.25 x 
0.23 
0.25 x 0.25 x 
0.15 
0.15 x 0.10 x 
0.08 
0.20 x 0.20 x 0.05 
Theta range (deg) 1.73 to 28.32 2.21 to 22.54 3.42 to 62.85 1.22 to 25.35 
Limiting Index 
ranges 
-15<=h<=14, 
 -11<=k<=25,  
-19<=l<=19 
-16<=h<=18,  
-18<=k<=18, 
 -27<=l<=30 
-10<=h<=15,  
-5<=k<=4,  
-6<=l<=8 
-14<=h<=14, 
 -15<=k<=11,  
-16<=l<=21 
Reflections  20759 15488 1854 9807 
Independent 
reflections 
8053  
[R(int) = 
0.0544] 
1368 
 [R(int) =0.0987] 
920  
[R(int) = 
0.0219] 
7753  
[R(int) = 0.0335] 
Completeness to θ  28.32° 92.1 % 22.54°     99.9 % 62.85°    62.3 % 25.35°     91.1 % 
Absorption 
correction 
Multi-scan Multi-scan Semi-empirical 
from equivalents 
Multi-scan 
Max. and min. 
transmission 
1.000 and 
0.7785 
1.000 and 0.5642 0.9293 and 
0.8732 
0.9700 and 
0.8871 
Refinement 
method 
Full-matrix 
least-squares on 
F2 
Full-matrix 
least-squares on 
F2 
Full-matrix 
least-squares on 
F2 
Full-matrix least-
squares on F2 
Data / rest. / par. 8053 / 0 / 453 1368 / 0 / 157 920 / 2 / 181 7753 / 0 / 426 
GOOF on F2 0.931 1.313 1.132 0.935 
Final R indices 
[I>2sigma(I)] 
R1 = 0.0623,  
wR2 = 0.1377 
R1 = 0.1009,  
wR2 = 0.1931 
R1 = 0.0351,  
wR2 = 0.0709 
R1 = 0.0976,  
wR2 = 0.2622 
R indices (alldata) R1 = 0.1149,  
wR2 = 0.1560 
R1 = 0.1210,  
wR2 = 0.2017 
R1 = 0.0464,  
wR2 = 0.0766 
R1 = 0.1263,  
wR2 = 0.2852 
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Appendix C3 Crystal data and structure refinement for compounds 3C2-2C5. 
 3C2 3C3 3C4 3C5 
Empirical Formula C34 H26 N2 O10 
S Zn 
C35 H27.5 N4 
O6.25 Zn2 
C32 H15 N3 O15 Cu C68 H51 N8 O20 
Mn2 
Formula weight 720.00 1538.96 745.01 1410.05 
Temperature (K) 100(2) K 100(2) K 100(2) K 100(2) 
Wavelength (Å) 0.71073 A 0.71073 A 0.71073 A 0.71073 
Crystal System Triclinic Monoclinic Monoclinic Triclinic 
Space group P-1 C2/m C2/m P-1 
a, Å 12.2709(12) 12.073(3) 12.174(7) 14.245(5) 
b, Å 12.5342(13) 24.580(5) 24.208(14) 16.892(7) 
c, Å 17.4529(18) 17.285(4) 17.407(9) 19.854(9) 
α, deg  81.854(2) 90 90 111.606(9) 
β, deg 72.299(2) 109.478(3) 108.740(12) 95.352(10) 
γ, deg 65.691(2) 90 90 94.665(15) 
Volume (Å3) 2330.1(4) 4835.7(17) 4858(5) 4388(3) 
Z 2 4 4 2 
ρcalc (Mg/m3) 1.026 1.057 1.019 1.067 
Abs.coeff. 0.615 mm-1 0.560 mm-1 0.503 mm-1 0.349 mm-1 
F(000) 740 1582 1508 1450 
Crystal size (mm3) 0.20 x 0.20 x 
0.05 
0.20 x 0.10 x 
0.05 
0.15 x 0.10 x 0.10 0.35 x 0.20 x 0.1 
Theta range (deg) 1.22 to 25.03 1.66 to 25.35 1.24 to 22.60 1.11 to 25.30 
Limiting Index 
ranges 
-14<=h<=9,  
-13<=k<=14,  
-20<=l<=15 
-14<=h<=13, -
29<=k<=26, -
20<=l<=20 
-9<=h<=13,  
-26<=k<=20, 
 -17<=l<=14 
-17<=h<=12, 
 -20<=k<=20,  
-23<=l<=20 
Reflections  9567 12594 5621 17882 
Independent 
reflections 
7521  
[R(int)=0.0216] 
7074  
[R(int) =0.0295] 
3076  
[R(int)=0.0827] 
14390 
 [R(int)=0.0702] 
Completeness to θ 25.03°   91.4% 25.35°     99.6% 22.60    92.8% 25.30°   90.0% 
Absorption 
correction 
Multi-scan Multi-scan Multi-scan Multi-scan 
Max. and min. 
transmission 
1.0000 and 
0.7082 
0.9726 and 
0.8963 
0.9515 and 
0.9284 
0.9495 and 
0.8875 
Refinement 
method 
Full-matrix 
least-squares 
on F2 
Full-matrix 
least-squares on 
F2 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Data / rest. / par. 7521 / 0 / 431 7074 / 1 / 419 3076 / 0 / 205 14390 / 0 / 866 
GOOF on F2 1.093 1.064 1.017 0.947 
Final R indices 
[I>2sigma(I)] 
R1 = 0.1041, 
 wR2 = 0.2803 
R1 = 0.0773,  
wR2 = 0.2142 
R1 = 0.1076, 
wR2 = 0.2991 
R1 = 0.0961,  
wR2 = 0.2352 
R indices (all data) R1 = 0.1187,  
wR2 = 0.2938 
R1 = 0.0877, 
wR2 = 0.2268 
R1 = 0.1453, 
wR2 = 0.3246 
R1 = 0.1347, 
 wR2 = 0.2488 
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Appendix C4 Crystal data and structure refinement for compounds 3C6-2C9. 
 3C6 3C7 3C8 3C9 
Empirical Formula C54 H47 N3 O19 
S6 Zn1.5 
C43 H40 N8 O13 
Cd 
C63 H40 N6 O21 
Mn2 
C44 H22 N4 O14 S2 
Cd 
Formula weight 1332.36 989.23 1326.89 1007.18 
Temperature (K) 100(2) 100(2) 100(2) 100(2) 
Wavelength (Å) 0.71073 0.71073 0.71073 0.71073 
Crystal System Triclinic Triclinic Monoclinic Triclinic 
Space group P-1 P-1 Cc P-1 
a, Å 13.207(3) 8.750(2) 25.366(6) 8.9839(7) 
b, Å 13.223(3) 13.490(3) 18.681(4) 13.8744(10) 
c, Å 20.020(4) 19.707(5) 21.981(5) 16.9954(13) 
α, deg  106.668(3) 102.141(5) 90 84.1800(10) 
β, deg 91.904(4) 96.919(4) 122.089(4) 84.7990(10) 
γ, deg 119.911(3) 90.503(4) 90 86.7280(10) 
Volume (Å3) 2837.0(10) 2256.3(9) 8825(3) 2096.4(3) 
Z 2 2 4 2 
ρcalc (Mg/m3) 1.560 1.456 0.999 1.596 
Abs. coeff. 0.938 mm-1 0.557 mm-1 0.344 mm-1 0.696 mm-1 
F(000) 1370 1012 2712 1012 
Crystal size (mm3) 0.25 x 0.25 x 
0.03 
0.2 x 0.15 x 0.05 0.1 x 0.1 x 0.05 0.2 x 0.15 x 0.05 
Theta range (deg) 1.09 to 25.35 1.07 to 25.35 1.09 to 25.35 1.21 to 25.68 
Limiting Index 
ranges 
-15<=h<=11,  
-15<=k<=15,  
-24<=l<=23 
-10<=h<=10,  
-16<=k<=15, 
 -23<=l<=20 
-30<=h<=25, 
 -22<=k<=21,  
-25<=l<=26 
-10<=h<=9,  
-16<=k<=12,  
-20<=l<=13 
Reflections  14786 11819 22743 9173 
Independent 
reflections 
10202  
[R(int) =0.0424] 
8108  
[R(int) = 0.0503] 
14864  
[R(int) = 0.0663] 
7243  
[R(int) = 0.0180] 
Completeness to θ  25.35°     98.3% 25.35°     98.0 % 25.35     99.7% 25.68°     91.1% 
Absorption 
correction 
Multi-scan Multi-scan Multi-scan Multi-scan 
Max. and min. 
transmission 
0.972 and 0.799 1.000 and 0.0859 1.000 and 0.6276 1.000 and 0.528 
 
Refinement 
method 
Full-matrix 
least-squares on 
F2 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Data / rest. / par. 10202 / 0 / 757 8108 / 0 / 594 14864 / 4 / 784 7243 / 0 / 605 
GOOF on F2 1.079 1.048 0.848 1.055 
Final R indices 
[I>2sigma(I)] 
R1 = 0.0695,  
wR2 = 0.1810 
R1 = 0.0986, 
 wR2 = 0.2684 
R1 = 0.0825, 
wR2 = 0.1683 
R1 = 0.0641, 
wR2 = 0.1599 
R indices (all data) R1 = 0.1058,  
wR2 = 0.2032 
R1 = 0.1275,  
wR2 = 0.2922 
R1 = 0.1516, 
wR2 = 0.1935 
R1 = 0.0736, 
wR2 = 0.1677 
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Appendix C5 Crystal data and structure refinement for compounds 3C10-2C13. 
 3C10 3C11 3C12 3C13 
Empirical Formula C80 H68 N12 O24 
S4 Cd2 
C64 H52 N6 O18 S2 
Cd 
C64 H48 N4 O20 S4 
Mn2 
C76 H40 N8 O16 
Co2 
Formula weight 1934.50 1369.64 1431.18 1439.02 
Temperature (K) 100(2) 100(2) 100(2) 100(2) 
Wavelength (Å) 0.71073 0.71073 1.54178 0.71073 
Crystal System Triclinic Monoclinic Monoclinic Triclinic 
Space group P1 C2/c C2/c P-1 
a, Å 8.5281(14) 41.571(9) 40.549(5) 15.501(3) 
b, Å 14.225(2) 8.800(2) 8.283(5) 19.199(4) 
c, Å 17.176(3) 22.507(5) 22.723(5) 20.069(5) 
α, deg  99.509(3) 90 90 83.373(4) 
β, deg 96.233(3) 120.481(3) 109.972(5) 67.819(4) 
γ, deg 98.074(3) 90 90 80.671(4) 
Volume (Å3) 2016.1(6) 7096(3) 7173(5) 5448(2) 
Z 1 4 4 2 
ρcalc (Mg/m3) 1.593 1.282 1.325 0.877 
Abs. coeff. 0.718 mm-1 0.435 mm-1 0.455 mm-1 0.352 mm-1 
F(000) 984 2808 2936 1468 
Crystal size (mm3) 0.2 x 0.15 x 
0.05 
0.3 x 0.2 x 0.15 0.20 x 0.15 x 
0.10 
0.25 x 0.20 x 
0.15 
Theta range (deg) 1.73 to 25.35 2.10 to 25.30 2.32 to 66.12 1.08 to 28.34 
Limiting Index 
ranges 
-10<=h<=5,  
-16<=k<=17,  
-20<=l<=20 
-49<=h<=49,  
-7<=k<=10, 
-26<=l<=24 
-47<=h<=37, 
 -9<=k<=6,  
-26<=l<=21 
-20<=h<=19,  
-22<=k<=24,  
-26<=l<=25 
Reflections  9627 17223 10566 30627 
Independent 
reflections 
8102  
[R(int) =0.0285] 
6427 
 [R(int) = .0278] 
5696  
[R(int) = 0.0475] 
21514  
[R(int) = 0.1033] 
Completeness to θ  25.35°    96.6% 25.30°     99.3% 66.12     90.8% 25.35°    90.7% 
Absorption 
correction 
Multi-scan Multi-scan Multi-scan Multi-scan 
Max. and min. 
transmission 
1.000 and 
0.4556 
1.0000 and 
0.5451 
1.000 and 0.064 0.9491 and 
0.9171 
Refinement 
method 
Full-matrix 
least-squares on 
F2 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Data / rest. / par. 8102 / 3 / 1113 6427 / 0 / 415 5696 / 0 / 428 18094 / 0 / 383 
GOOF on F2 1.005 1.050 1.277 0.784 
Final R indices 
[I>2sigma(I)] 
R1 = 0.0465,  
wR2 = 0.1092 
R1 = 0.0643,  
wR2 = 0.1883 
R1 = 0.1104, 
wR2 = 0.3070 
R1 = 0.0994, 
 wR2 = 0.2312 
R indices (all data) R1 = 0.0530, 
wR2 = 0.1124 
R1 = 0.0682,  
wR2 = 0.1917 
R1 = 0.1647, 
wR2 = 0.3694 
R1 = 0.1918,  
wR2 = 0.2592 
 
 
217 
 
Appendix C6 Crystal data and structure refinement for compounds 3C14-2C17. 
 3C14 3C15 3C16 3C17 
Empirical Formula C60 H34  N5 O36 
Cu2 
C16.7 H11.05 Cd0.5 
N2.65 O5.4 
C28 H14 N4 O8 Zn C28 H14 N4 O8 Mn 
Formula weight 1240.00 391.43 599.80 589.37 
Temperature (K) 100(2) 100(2) 100(2) 100(2) 
Wavelength (Å) 1.54178 1.54178 1.54178 1.54178 
Crystal System Monoclinic Monoclinic Monoclinic Monoclinic 
Space group P21/n P21/c P21/c P21/c 
a, Å 17.711(4) 8.3930(4) 8.512(3) 8.570(2) 
b, Å 24.976(5) 22.2351(10) 21.632(8) 21.731(6) 
c, Å 17.725(4) 18.7421(8) 18.951(6) 18.982(6) 
α, deg  90 90 90 90 
β, deg 102.520(6) 94.031(2) 95.480(10) 94.187(18) 
γ, deg 90 90 90 90 
Volume (Å3) 7654(3) 3489.0(3) 3474(2) 3525.6(18) 
Z 4 8 4 4 
ρcalc (Mg/m3) 1.186 1.490 1.147 1.110 
Abs.coeff.(mm-1) N/A N/A N/A N/A 
F(000) 2524 1576 1216 1196 
Crystal size (mm3) 0.20 x 0.20 x 
0.15 
0.24 x 0.10 x 
0.08 
0.25 x 0.20 x 
0.15 
0.10 x 0.10 x 0.05 
Theta range (deg) 1.77 to 68.14 4.63 to 67.80 3.11 to 67.30 3.10 to 67.62 
Limiting Index 
ranges 
-20<=h<=13,  
-21<=k<=19, 
 -14<=l<=20 
-7<=h<=9,  
-24<=k<=25,  
-22<=l<=21 
-9<=h<=9,  
-25<=k<=25, 
 -21<=l<=22 
-9<=h<=10, -
25<=k<=26, -
22<=l<=22 
Reflections  15833 18541 16288 17897 
Independent 
reflections 
10836  
[R(int)=0.1801] 
5694  
[R(int) = 0.0516] 
5976  
[R(int) = .0841] 
6083  
[R(int) = 0.0850] 
Completeness to θ 68.14°  68.2% 67.80°     90.1% 67.30°     95.9% 67.62°     95.4% 
Absorption 
correction 
Semi-empirical 
from 
equivalents 
Semi-empirical 
from equivalents 
Semi-empirical 
from equivalents 
Semi-empirical 
from equivalents 
Max. and min. 
transmission 
0.8422 and 
0.7974 
0.6635 and 
0.3475 
0.4602 and  
0.7529 
0.8471 and 0.7253 
Refinement 
method 
Full-matrix 
least-squares 
on F2 
Full-matrix 
least-squares on 
F2 
Full-matrix 
least-squares on 
F2 
Full-matrix least-
squares on F2 
Data / rest./par 10836 / 2 / 798 5694 / 0 / 382 5976 / 0 / 370 6083 / 0 / 370 
GOOF on F2 0.857 1.065 0.896 0.914 
Final R indices 
[I>2sigma(I)] 
R1 = 0.0765,  
wR2 = 0.1435 
R1 = 0.0576,  
wR2 = 0.1621 
R1 = 0.0645,  
wR2 = 0.1584 
R1 = 0.0555, wR2 
= 0.1237 
R indices (alldata) R1 = 0.1504,  
wR2 = 0.1759 
R1 = 0.0815, 
wR2 = 0.1760 
R1 = 0.0920,  
wR2 = 0.1716 
R1 = 0.0844, wR2 
= 0.1344 
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Appendix C7 Crystal data and structure refinement for compounds 3C18-2C21. 
 3C18 3C19 3C20 3C21 
Empirical 
Formula 
C30 H10 N2 O14 
Cu2 
C44 H28 N4 O12 
Cu2 
C63 H29 N5 O26 
Cu2 
Co2 C29 H23 O18 
N2  x H2O 
Formula weight 749.48 931.78 1398.99 893.24 
Temperature 
(K) 
100(2) 100(2) 100(2) 100(2) 
Wavelength (Å) 0.71073 0.71073 0.71073 0.71073 
Crystal System Monoclinic Orthorhombic Orthorhombic Cubic 
Space group C2/m Imma Pnma Pa-3 
a, Å 32.461(12) 14.981(2) 17.987(3) 39.288(2) 
b, Å 18.024(6) 36.371(5) 22.585(4) 39.288(2) 
c, Å 19.748(7) 10.922(2) 25.780(4) 39.288(2) 
α, deg  90 90 90 90 
β, deg 119.964(9) 90 90 90 
γ, deg 90 90 90 90 
Volume (Å3) 10010(6) 5951.1(16) 10473(3) 60642(6) 
Z 6 4 4 24 
ρcalc (Mg/m3) 0.746 1.040 0.887 0.587 
Abs. coeff.  0.672 mm-1 0.763 mm-1 N/A 0.285 mm-1 
F(000) 2244 1896 2832 10781 
Crystal size 
(mm3) 
0.05 x 0.04 x 0.03 0.10 x 0.10 x 
0.10 
0.15 x 0.15 x 0.15 0.40 x 0.40 x 
0.40 
Theta range 
(deg) 
1.34 to 20.99 1.95 to 25.47 1.20 to 20.09 1.16 to 19.98 
Limiting Index 
ranges 
31<=h<=32,  
-10<=k<=17,  
-19<=l<=19 
-17<=h<=18,  
-20<=k<=44,  
-12<=l<=13 
-17<=h<=17, -
21<=k<=9, -
24<=l<=24 
-37<=h<=-1, -
25<=k<=35, -
27<=l<=34 
Reflections  16510 15247 26081 43898 
Independent 
reflections 
5453  
[R(int)=0.1855] 
2922  
[R(int) = 0.0433] 
5093  
[R(int) = 0.1409] 
9418  
[R(int) =0.1261] 
Completeness to 
theta  
20.99 °    97.5 % 25.47°     99.7 % 20.09°     99.4 % 19.98°     99.8 % 
Absorption 
correction 
Semi-empirical 
from equivalents 
Semi-empirical 
from equivalents 
Multi-scan Semi-empirical 
from equivalents 
Max. and min. 
transmission 
0.9801 and 0.9672 0.9276 and 
0.9276 
1.000 and 0.1236 0.8946 and 
0.8946 
Refinement 
method 
Full-matrix least-
squares on F2 
Full-matrix 
least-squares on 
F2 
Full-matrix least-
squares on F2 
Full-matrix 
least-squares on 
F2 
Data / rest. /par. 5453 / 6 / 282 2922 / 0 / 144 5093 / 0 / 447 9418 / 87 / 536 
GOOF on F2 0.951 1.039 0.979 1.180 
Final R indices 
[I>2sigma(I)] 
R1 = 0.0819,  
wR2 = 0.1423 
R1 = 0.0429,  
wR2 = 0.1238 
R1 = 0.0788,  
wR2 = 0.1761 
R1 = 0.1296, 
wR2 = 0.2902 
R indices (all 
data) 
R1 = 0.1634, wR2 
= 0.1568 
R1 = 0.0491,  
wR2 = 0.1285 
R1 = 0.1201,  
wR2 = 0.1922 
R1 = 0.1627, 
wR2 = 0.3058 
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